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Electronic structure and magneto-optical Kerr effect of Fe3O4 and Mg2¿- or Al 3¿-substituted Fe3O4
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The optical and magneto-optical spectra of charge-ordered magnetite (Fe3O4) below the Verwey transition
and Mg21- and Al31-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 approximation~LSDA!, as well as with the so-called LSDA1U approach for which the
charge ordering is found to be a stable solution with an energy gap value of 0.19 eV~the experimental value
is 0.14 eV! in contrast to a metallic state given by LSDA. The origin of the Kerr rotation realized in the
compounds is examined.
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I. INTRODUCTION

The metal-insulation transition~MIT ! has fascinated theo
rists and experimentalists for many years. This transition
associated with Sir N. Mott who laid down the foundatio
for physical understanding of this phenomenon.1 One of the
most famous MIT compounds is magnetite Fe3O4 which ex-
hibits the so-called Verwey metal-insulation transition.2

Historically, magnetite, discovered before 1500 B.C.,
the first known magnet and is extensively used for indust
applications, notably in magnetic recording. Most of t
properties of magnetite have been thoroughly studied and
well documented.3,4 However, the electronic structure o
Fe3O4 as well as that of many other MIT compounds is s
a subject of debate.5

Fe3O4 is a strongly correlated 3d compound which is fer-
rimagnetically ordered below a high transition temperat
~;850 K!. The valence of various atoms is described by
formal chemical formula, FeA

31@Fe21Fe31#B(O22)4 . The tet-
rahedral lattice sites~A sites! in the inverse spinel structur
are occupied by Fe31 ions, whereas the octahedral lattic
sites~B sites! are occupied alternately by equal numbers
Fe21 and Fe31. At TV5120 K Fe3O4 undergoes a first-orde
phase transition~Verwey transition!.2 This is a particular
MIT that has been studied for quite some time.6 The Verwey
transition is characterized by an abrupt increase in the e
trical conductivity by two orders of magnitude on heati
through TV .7 Verwey and co-workers2,8 were the first to
point out that this transition is associated with an elect
localization-delocalization transition. The Fe21 ion can be
regarded as an ‘‘extra’’ electron plus an Fe31 ion. When allB
sites are equivalent, the ‘‘extra’’ electron is moving betwe
FeB

31 ions and the system is a mixed valent metal, with a
erage FeB valence,Z52.5. The Verwey phase transition b
low TV is accompanied by long-range charge order
~LRCO! of Fe31 and Fe21 ions onB1 andB2 sites of theB
sublattice. Indeed, studies by electron and neutron diffrac
and nuclear magnetic resonance9–11 show that belowTV the
B1 and B2 sites are structurally distinguishable with th
0163-1829/2001/64~13!/134410~12!/$20.00 64 1344
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crystal structure slightly distorted because of the charge
dering. Just how these charges arrange themselves has
the subject of debate6 since Verwey first proposed that, belo
TV , all FeB

31 and FeB
21 sit on different chains.2

The electronic structure of Fe3O4 has been investigate
experimentally by means of soft x-ray spectroscopy,12–14

Seebeck-effect measurements,15 photoelectron spectro
scopy,16–22optical,23,24 and magneto-optical25–29 ~MO! spec-
troscopies, and by magnetic dichroism.30,31 The optical
data24 indicate a gap of 0.14 eV between occupied and em
electronic states and show also a strong tempera
dependence of the optical conductivity in the energy reg
of 0–1 eV.

The interpretation of the optical and MO spectra of Fe3O4

is very difficult due to the existence of three kinds of iro
atoms, i.e., FeB

21 , FeB
31 , and FeA

31 . The substitution for one
of the types of iron ions by nonmagnetic ions provides
possibility for distinguishing transitions from various site
There are several such experimental studies in the literat
Simsa and co-workers reported the polar Kerr rotation a
ellipticity of Fe3O4 as well as the influence of a systema
substitution of Fe21 by Mn21 in the 0.5–3.0 eV energy
range.27 Zhang and co-workers reported the polar Kerr sp
tra and the off-diagonal element of the dielectric tensor
Fe3O4 between 0.5 and 4.3 eV. They also reported spectr
Li 0.5Fe2.5O4 and MgFe2O4 between 0.5 and 5.0 eV.25 Finally,
recent investigation of the optical and MO spectra of Fe3O4,
Al31, and Mg21 substitution has been carried out in Ref. 2
The measurements were performed for the high-tempera
metallic phase of Fe3O4. The authors systematically stud
the influence on the MO-Kerr spectrum of Fe3O4 by partial
substitution of Fe21 by Mg21 and of Fe31 by Al31, with the
concentration of the substituent as a parameter. As a re
the authors were able to establish the nature of the M
active transitions by investigation of relative intensities
main peaks in the off-diagonal optical conductivity of th
Mg and Al substituted compounds.

Energy band-structure calculations for Fe3O4 in the high-
temperature cubic phase have been presented in Ref. 3
©2001 The American Physical Society10-1
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ing the self-consistent spin-polarized augmented plane-w
~APW! method with the local spin-density approximatio
The calculations show that Fe3O4 is a half metallic ferrimag-
net. The Fermi level crosses only the minority spin ene
bands consisting oft2g orbitals on the Fe(B) sublattice.
There is an energy gap for the majority spin bands at
Fermi level. A similar energy-band structure of Fe3O4 was
obtained in Ref. 33 using the linear muffin-tin orbit
~LMTO! method. The authors estimated the hopping in
grals and the electron interaction parameters enterin
model Hamiltonian for the motion of the ‘‘extra’’ electron
on the B sublattice using the ‘‘constrained’’ density
functional theory. It was found that the on-site Coulomb
teraction parameter for the Fe(B) site is equal to 4.1
60.5 eV. Both the local spin-density approximation~LSDA!
band-structure calculations gave only a metallic solut
without charge ordering with partially filled bands~contain-
ing one electron per twoB sites!. The energy-band structur
for charge ordering in the low-temperature phase of Fe3O4
has been calculated in Ref. 34 using the LMTO method
the LSDA1U approximation. The charge ordering wa
found to be a semiconducting state with an energy gap v
of 0.34 eV. Since the LSDA1U results do yield a gap, it is
of interest to investigate other properties to determine
overall applicability of the approach. To this end one m
compare the theoretically calculated and experiment
measured optical and MO spectra, providing information
both the occupied and empty states. This is particularly
portant for determination of energy positions of the upp
and lower Hubbard bands of strongly correlated Fed states
in magnetite.

Details concerning the mechanism of the Verwey tran
tion and the type of LRCO are still unclear. Many elabora
theories for the Verwey transition have been propos
Anderson35 pointed out the essential role of short-ran
charge ordering~SRCO! in the thermodynamics of the tran
sition. The observed entropy change in the transition@~;0.3
to 0.35! R/B-site mole# is decisively smaller than theR ln 2
50.69R expected in a complete order-disorder transitio
Anderson interpreted the Verwey transition as a loss of
LRCO of the ‘‘extra’’ electrons on theB sublattice at tem-
peratures aboveTV while the short-range charge order
maintained across the transition. Using a Hartree-F
analysis, Cullen and Callen36 showed that an ordering tran
sition could occur in Fe3O4 as a function of the ratioV/B,
where B is the bandwidth of the ‘‘extra’’ electrons in th
absence of disorder. The transition in this case is of sec
order, while experimentally a first-order transition is o
served. The conduction mechanisms in Fe3O4 have been re-
viewed by Mott37 ~see also Refs. 6 and 38!.

One of the fundamental questions concerning the Verw
transition in Fe3O4 is whether the 3d states are localized o
itinerant. This question is most frequently answered by co
parison between experimental spectroscopies and the d
ent theoretical descriptions. Optical and MO spectrosco
like photoelectrons spectroscopy and bremsstrahlung is
romat spectroscopy, supply direct information about the
ergy states~both occupied and unoccupied! in a wide energy
interval around the Fermi energy, and can provide mean
13441
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discrimination between the different theoretical limits.
A basic problem concerning magnetite is that both

localization of the valence states and the mixing of the o
gen p states and irond states are considerable. The aim
this paper is to present a detailed theoretical study of
electronic structure, optical, and MO properties of Fe3O4 in
the low-temperature phase within the band-structure
proach which takes strong correlations into account. Thi
achieved by applying a local spin-density approximation
the density-functional theory supplemented by a HubbardU
term (LSDA1U). We also calculated the electronic stru
ture of the Mg21- and Al31-substituted Fe3O4 compounds.
Our study motivated by the fact that although a large num
of investigations have been devoted to the experime
study of the optical and MO spectra of Fe3O4,

25–29 to our
best knowledge there are no first-principles calculations
the optical and magneto-optical properties of magne
Fe3O4 as well as Mg21- and Al31-substituted Fe3O4.

The paper is organized as follows. Section II present
description of the crystal structure of the Fe3O4 compound
and the computational details. Section III is devoted to
electronic structure, optical, and MO properties of the Fe3O4
and Mg21- and Al31-substituted Fe3O4 calculated in the
LSDA and LSDA1U approximations. The optical and MO
theoretical calculations are compared to the experime
measurements. Finally, the results are summarized in Sec

II. CRYSTAL STRUCTURE AND COMPUTATIONAL
DETAILS

Fe3O4 crystallizes in the face-centered-cubic~fcc! inverse
spinel structure~Fig. 1! with two formula units~14 atoms!
per primitive cell. The space group isFd3̄m ~no. 227!. The
oxygen atoms form a close-packed face-centered-cubic s
ture with the iron atoms occupying the interstitial position
There are two types of interstitial sites both occupied by
iron atoms. One site is called theA or 8a site, tetrahedrally
coordinated by four O22 ions composing a diamond lattice
The interstices of these coordination tetrahedra are too s
for larger Fe21 ions and this site is occupied only by Fe31

ions. Another cation site is called theB or 16d site, and is
coordinated by six O22 ions forming slightly distorted octa
hedra, which line up along thê110& axes of the cubic lattice
sharing edges. The point symmetry of theB site isD3d. This
site forms exactly one half of a face-centered-cubic latti

FIG. 1. Crystal structure of Fe3O4.
0-2
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ELECTRONIC STRUCTURE AND MAGNETO-OPTICAL . . . PHYSICAL REVIEW B 64 134410
The lattice of theB site can be considered as a diamo
lattice of cation tetrahedra, sharing corners with each ot
All the tetrahedra on the same~e.g.,xy! plane are isolated. In
the following, we refer tob1 axes orb1 chains andb2 axes

or b2 chains. Theb1 direction is@11̄0#, b2 is @110#, and the
c axis is @001#. All the Fe octahedral orB sites lie on either
b1 or b2 chains. We also should mention that the distan
FeA-O1 and FeB-O2 are different and equal to 1.876 an
2.066 Å, respectively.

In the disordered high-temperature phase theB sites are
occupied by equal numbers of Fe21 and Fe31 ions randomly
distributed betweenB1 andB2 sites. BelowTV the system
undergoes a first-order transition accompanied by long-ra
charge ordering of Fe31 and Fe21 ions on theB sites. Verwey
from the very beginning proposed a rather simple cha
separation:b1 chains occupied only by Fe21 ions andb2
chains by Fe31 ions ~or vice versa!.2 Since that time the type
of charge ordering has been the subject of debate.6 As an
example, in Mizoguchi’s model39 ions run in pairs of Fe21

followed by Fe31 along eachb chain. Another charge order
ing considers three Fe21 alternating with one Fe31 on one-
half of the chains, and a sequence of three Fe31 alternating
with one Fe21 on the other half and so on.6 Despite the
wealth of effort devoted to investigating the low-temperatu
phase of magnetite, there is still no completely satisfact
description of the ordering of the Fe atoms on the octahe
or B sites in this spinel structure. In addition, some expe
mental measurements show that below the Verwey trans
temperature there is a small change in the crystal struc
which becomes monoclinic accompanied by a doubling
the unit cell along thea, b, andc axes.40,41

In our band-structure calculations we used the experim
tally measured constant (a58.396 Å).42 The details of the
computational method are described in our previo
papers,43,44 and here we only mention several aspects. T
electronic structure of the compounds was calculated s
consistently using the local spin-density approximation45 and
the fully relativistic spin-polarized LMTO method46–49in the
atomic-sphere approximation, including the combined c
rection (ASA1CC).46,50 The combined correction term
have been included also in calculation of the optical ma
elements.51 We have calculated the absorptive part of t
optical conductivity in a wide energy range. The Krame
Kronig transformation has been used to calculate the dis
sive parts of the optical conductivity from the absorpti
parts.

To improve the potential we include two additional emp
spheres in the 16c and 48f positions. The radii of the over
lapping spheres wereSFeA52.3293, SFeB52.7524, SO
51.8482,SE151.7187, andSE251.6993 a.u. In our band
structure calculations we neglect the small monoclinic dis
tion for simplicity. We also adopted the simplest type
charge ordering belowTV initially proposed by Verwey,2

namely we assume that all the FeB
21 ions sit onb1 chains and

all the FeB
31 on b2 chains. The basis consisted of the Fes, p,

d, andf; O, s, p, andd, and empty spheres, andp LMTO’s.
The k-space integrations were performed with the improv
tetrahedron method.52
13441
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We have adopted the LSDA1U method53 as a different
level of approximation to treat the electron-electron corre
tion. Usually, the Hubbard-likeUeff is evaluated by compari
son of theoretically calculated energy positions of ene
bands with x-ray photoemission spectroscopy~XPS! and ul-
traviolet photoemission spectroscopy~UPS! measurements
It can be also evaluated from atomic Dirac-Hartree-Fo
~DHF! calculations,57 Green-function impurity
calculations,58 and from band-structure calculations in th
super cell approximation.59 In our particular case we hav
two types of Fe ions with different occupation numbers
their 3d shell. Obviously, the effective repulsion of 3d elec-
trons described byUeff depends on the number of holes
the 3d shell ~the ionicity!, and Ueff should increase with
increasing ionicity.60 The estimation in Ref. 33 gave th
value of the on-site Coulomb interaction parameter for
Fe(B) site equal to 4.160.5 eV. Constrained calculations34

with two types of charge ordering gaveUeff 54.5 eV. The
calculated value ofUeff depends on theoretical approxim
tions and for our purposes it is sufficient to regard the va
of Ueff as a parameter and try to ascertain its value fr
comparison of the calculated physical properties of Fe3O4
with experiments. We found, however, that the optical a
MO spectra are rather insensitive to the precise value
Ueff . The LSDA1U band-structure calculations withUeff
varying from 4 to 6 eV provide optical and MO spectra in
reasonable agreement with the experimental data. On
other hand, the value of the energy gap strongly depend
the value ofUeff . We setUeff to 4.0 and 4.5 eV for Fe21 and
Fe31 ions, respectively. These values give a band gap of 0
eV.

III. RESULTS AND DISCUSSION

A. Fe3O4

Figure 2 shows the partial density of states obtained fr
the LSDA calculation. These results agree well with previo
band-structure calculations.32,33The occupied part of the va
lence band can be subdivided into several regions separ
by energy gaps. The oxygen 2s bands, which are not show
in the figure, appear between220.0 and219.7 eV for both
spins with the exchange splitting of about 0.2 eV. The n
group of bands in the energy region27.4 to 23.4 eV is
formed mostly by oxygen 2p states. The Fed energy bands
are located above and belowEF at about24.0 to 3.0 eV. As
indicated from Fig. 2, the exchange splitting between
spin-up and -downd electrons on the Fe atom is about 3
eV. In addition to the exchange splitting, 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 dublete ~3z221 andx2

2y2! and a triplett2 ~xy, yz, andxz!. The octahedral compo
nent of the crystal field at theB site is strong enough that th
t2g ~xy, yz, andxz! andeg ~3z221 andx22y2! orbitals form
two separate nonoverlapping bands. At theB site the crystal
field is trigonal (D3d), as a result thet2g orbitals split into
singlet a1g and doubleteg8 . However, thea1g2eg8 splitting
of the t2g band is negligible in comparison with its width i
0-3
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LSDA calculations, therefore in the following we will deno
the states formed bya1g andeg8 orbitals ast2g states. Accord-
ingly, we present in Fig. 2 density of states~DOS! of ‘‘ t2g’’
orbitals as a sum of thea1g and eg8 ones. The crystal-field
splitting DCF is approximately 2 eV for the FeB atom and 1
eV for the FeA atom. This difference may be attributed to th
large covalent mixing of the FeB orbitals with its six neares
neighbors of the same kind. The spin-polarized calculati
show that Fe3O4 in the high-temperature phase is a half m
tallic ferrimagnet. The Fermi level crosses only the major
spin energy bands, consisting of spin-upt2g orbitals on the
FeB sublattice~Fig. 2!. There is an energy gap for the mino
ity spin bands at the Fermi level. Spin-orbit splitting of thed
energy band atG is about 0.02 eV and much smaller than t
crystal-field splitting.

In Fe3O4 the magnetic moments within theA and theB
sublattices are ferromagnetically aligned while the two s
lattices are antiferromagnetic with respect to each other. T
magnetic structure was first proposed by Ne´el54 to explain
the magnetization data and was later confirmed by neut
scattering measurements.55 The calculated spin and orbita
magnetic moments on various atoms are given in Table I
compared with previous calculations33 and experimenta
data.56 Measurements indicated that the magnetic momen
an iron atom on theA site is much smaller than the 5.0mB of
a pure Fe31 ion.56 This is an indication of strong hybridiza
tion between the 3d orbitals of FeA . The orbital magnetic
moment is rather small for all the atoms due to small sp
orbit coupling~see Table I!.

FIG. 2. LSDA partial DOS of Fe3O4.
13441
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The application of LSDA calculations to Fe3O4 is prob-
lematic, because of the correlated nature ofd electron in this
compound. The intersite Coulomb correlation is well d
scribed by the LSDA. However, the on-site Coulomb inte
action, which is a driving force for Mott-Hubbard localiza
tion, is not well treated within LSDA. As a result, LSDA
gives only a metallic solution without charge ordering.
take into account the strong on-sited-d electron-electron
correlations we used the LSDA1U method.53 We started
from a d5(t2↑

3 e↑
2) configuration for FeA

31 ions on the tetrahe-
dral site of the sublatticeA and d6(t2g↓

3 eg↓
2 a1g↑

1 ) and
d5(t2g↓

3 eg↓
2 ) for FeB

21 and FeB
31 ions on octahedral site of th

sublatticesB1 and B2 , respectively.Ueff was applied to all
the d states and the occupation numbers were obtained
result of the self-consistent relaxation. Figures 3 and 4 sh
the energy-band structure along the symmetry lines and
total and partial density of states obtained from the LSD
1U calculation. In contrast to LSDA, where the stable s
lution is a metal with a uniform distribution of thet2g↑ elec-
trons on theB octahedral sites, the LSDA1U gives a
charge-ordered insulator with a direct energy gap value
0.19 eV at the G point. The experimental optica

TABLE I. The experimental and LSDA calculated spin and o
bital magnetic moments~in mB! of Fe3O4. The experimental data
are from Ref. 56.

Atom Ref. 33 Ms Ml M total Expt.

Fe(A) 3.46 3.496 0.025 3.521 3.82
Fe(B) 23.57 23.658 20.043 23.701
O 20.10 20.052 0.0 20.052
Esphere 0.01 0.007 0.0 0.007
Total 23.99 23.965 20.061 24.026 24.1

FIG. 3. LSDA1U energy-band structure and total DOS@in
states/~unit cell eV!# of Fe3O4.
0-4
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measurements24 gave a gap of 0.14 eV atT510 K. The en-
ergy gap occurs between the FeB

21a1g↑ ~the top of valence
band! and FeB

31t2g↑ ~bottom of empty conduction band!
states~Fig. 4!. Actually, our LSDA1U band-structure calcu
lations support the key assumption that Cullen and Ca
have made earlier36 in proposing the one-band model Ham
tonian, where it was assumed that the ‘‘extra’’ electr
moves in thea1g band split off below the rest of thed bands
of other symmetries. Two electrons at the FeB

21a1g orbitals
situated in the close vicinity of the Fermi level are mos
localized. Other electrons at theB1 site are well hybridized
with oxygenp electrons~Fig. 4!. We should mention that the
screening of the Coulomb interaction in Fe3O4 is very effec-
tive and the system is close to the metallic state. Eve
small change in the ratio (Fe21/Fe31)oct, ~which we modeled
by changing of the occupation numbers of thea1g orbital at
the B1 and B2 sites in the frame of the ‘‘virtual crysta
approximation’’61! leads to the closing of the energy gap a
a suppression of the metal-insulating transition.62

The LSDA1U calculations also improved the agreeme
between the theoretically calculated and experimental va
of the magnetic moment on theA site in comparison with
LSDA calculations~see Tables I and II!. Although neutron
diffraction found that magnetic superstructure scattering
the low-temperature phase of Fe3O4 is too weak to be ac-
counted for by an ordering of Fe21 and Fe31 on theB sites,
the experimental study did show larger covalency for

FIG. 4. LSDA1U partial DOS of Fe3O4.
13441
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Fe31 ions on tetrahedralA sites than those on octahedralB
sites.9 In agreement with such an experimental observat
the LSDA1U calculated magnetic moments of Fe31 atoms
are equal to 3.845 and24.002mB for A andB sites, respec-
tively. This can be explained by different nearest-neighb
distances FeA-O1 and FeB-O2.

After the consideration of the above band-structure pr
erties we turn to the optical and MO spectra. In Fig.
experimental23 optical reflectivity and the diagonal part o
the dielectric function«xx of Fe3O4 are compared to the the
oretical ones calculated within the LSDA and LSDA1U ap-
proaches. Better agreement between the theory and the
periment was found when we used the LSDA1U
approximation. As was mentioned above, the LSDA the
produces the metallic solution and therefore gives a wro
asymptotic behavior for the optical reflectivity and the d
persive part of the dielectric functione1xx asv→0. In Fig. 6
we show the calculated and experimental23,24 absorptive part
of the diagonal optical conductivity spectras1xx in a wide
energy range. The characteristic features of the LSDA ca
lations ofs1xx is an erroneous peak at 1.9 eV which is abs
in the experimental measurements. The absence of this
in the experiment indicates that the LSDA calculations p
duce incorrect energy-band positions. Accounting for
Coulomb repulsionUeff strongly influences not only the elec
tronic structure but also the calculated optical spectra
Fe3O4. The LSDA1U calculations give reasonably goo
agreement between the theoretical and the experimenta
tical spectra of Fe3O4 ~see Figs. 5 and 6!. The calculated
optical conductivity spectrum~Fig. 6! can be sorted into the
following groups of interband transition:~i! the interband
transitions between the Fe 3d bands below 2.5 eV,~ii ! the
transitions from O 2p to Fe 3d bands in the region of 2.5–9
eV, and~3! Fe 3d→4p and O 2p→Fe4s interband transi-
tions above 9 eV. To avoid misunderstanding, we sho
mention that here and in the following when talking abo
d→d transitions we mean that the energy bands involved
the transitions have predominantlyd character, however, the
contribution of p or f states to these bands is sufficient
provide a significant transition probability through optic
dipole matrix elements.

To explain the microscopic origin of the optical and M
properties of Fe3O4 in terms of individual electronic transi
tions, we performed the decomposition of the calculateds1xx
spectrum into the contributions arising from separate in

TABLE II. The LSDA1U calculated spin and orbital magnet
moments~in mB! of Fe3O4.

Atom Ms Ml M total Expt.

FeA
31 3.845 0.018 3.863 3.82

FeB
21 23.541 20.024 23.565

FeB
31 24.002 20.024 24.026

O1 20.091 20.001 20.092
O2 20.010 0.001 20.009
Esphere 0.003 0.0 0.003
Total 23.796 20.003 23.826 24.1
0-5
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band transitions. It can be done because the energy b
formed by the orbitals of different symmetries belonging
in-equivalent Fe atoms are well separated in energy~see Fig.
3!. As one can see in Fig. 7, the first peak situated at 0.9
originates from the FeB

21(a1g↑)→FeB
31(t2g↑) interband tran-

sitions. The next feature at 1.9 eV comes from t
FeB

21(a1g↑)→FeB
31(eg↑) interband transitions. Peak 3 aris

from the FeB
21(eg↓)→FeA

31(e↓ ,t2↓) transitions. Peaks 4, 6
7, and 8 are mostly determined by O 2p→Fe 3d transitions
although Fe 3d→Fe 3d transitions are also involved. Th
shoulder situated at 3.2 eV originates from the FeB

31(eg↓)
→FeA

31(e↓ ,t2↓) interband transitions~peak 5!.
Overall, the experimental features are reasonably well

produced in the LSDA1U calculations, except for the en
ergy shift towards smaller energies of peak 3 in the theor
cally calculated optical conductivity responsible for t
FeB

21(eg↓)→FeA
31(e↓ ,t2↓) interband transitions. This indi

cates that the position of the energy bands formed

FIG. 5. Optical reflectivity and diagonal parts of the dielect
function «xx of Fe3O4 calculated in LSDA ~dashed line! and
LSDA1U ~solid line! approximation compared with experiment
data~Ref. 23! ~open circles!.
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FeB
21(e↓) states are not reproduced very well in the LSD

1U calculations. One of the possible reasons for this is
use in our calculations of the ideal inverse spinel struct
without any distortion with equal O22-FeB

21 and O22-FeB
31

distances. In reality one should expect a shift of the oxyg
ions towards FeB

31 ions and outwards from the FeB
21 ions.

The decrease of the O22-FeB
21 hybridization due to the in-

crease of the distance between them would lead to we
bonding-antibonding splitting of the FeB

21(e↓) states~Fig. 3!.
As a result peak 3 would be shifted towards larger energ
We have not calculated the electronic structure of the d
torted Fe3O4 because just how the displacements of the

FIG. 6. The absorptive part of the diagonal optical conductiv
of Fe3O4 calculated in LSDA~dashed line! and LSDA1U ~solid
line! approximations compared with experimental data Ref.
~solid squares! and Ref. 23~open circles!.

FIG. 7. Contributions of different interband transitions to t
absorptive part of the diagonal optical conductivity of Fe3O4 com-
pared with experimental data~Ref. 24! ~open circles!.
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oms arrange themselves has been the subject of debate
long time and still is a controversial problem~see Refs. 62,
63 and references therein!.

Let us consider now the magneto-optical properties
Fe3O4. In the polar geometry, where thez -axis is chosen to
be perpendicular to the solid surface, and parallel to the m
netization direction, the expression for small Kerr angles
given by64

uK1 i eK5
«xy

~12«xx!A«xx

~1!

with uK and eK being the Kerr rotation and Kerr elipticity
respectively.«ab(a,b[x,y,z) is the dielectric tensor, which
is related to the optical conductivity tensorsab through

«ab~v!5dab1
4p i

v
sab~v!. ~2!

In Fig. 8 we show the experimentally measured28 Kerr
rotation uK(v) and Kerr elipticity eK(v)MO spectra of
Fe3O4, as well as the off-diagonal parts of the dielect
function calculated with the LSDA and LSDA1U approxi-
mations. This picture clearly demonstrates that the better
scription is achieved with the LSDA1U approach.

We mention that although the O 2p→Fe 3d interband
transitions, which start already from about 2.5 eV~see Fig.
7!, play an important role in the formation of the optic
spectra of Fe3O4, the Kerr spectra are mostly determined
transitions between energy bands which have predomina
Fe 3d character. The reason for this is that the spin-orbit a
exchange splitting of O 2p states is much smaller in com
parison with the Fe 3d ones. The minimum in the Kerr ro
tation spectrum at 0.9 eV is due to the FeB

21(a1g↑)
→FeB

31(t2g↑) interband transitions. The second maximum
about 2 eV is associated with the FeB

21(a1g↑)→FeB
31(eg↑)

interband transitions. The minimum in the Kerr rotatio
spectrum between 3 and 4 eV can be associated with
FeB

31(eg↓)→FeA
31(e↓ ,t2↓) transitions. In conclusion, we

should mention that at least below 2 eV our LSDA1U band-
structure calculations support the assignment of the M
active transitions in Fe3O4 drawn earlier in Ref. 26 on the
basis of the experimental data.

We should note that all the experimental measurement
the Kerr spectra of Fe3O4 ~Refs.25–28! have been performed
at room temperature. The LSDA1U calculations, in com-
parison with the LSDA ones, describe better the electro
structure, optical, and MO properties not only in the lo
temperature semiconducting phase but also in the h
temperature metallic phase of Fe3O4. This leads to a conclu
sion that Fed electrons remain ‘‘correlated’’ aboveTV . The
main effect of heating throughTV is a disappearance of th
long-range charge order on theB sublattice. This leads to th
rearrangement of the electronic states in a small vicinity
the Fermi level and to the closing of the energy gap. Ho
ever, high-energy Hubbard bands, whose energy positio
mainly determined by on-site exchange and correlation in
actions, remain almost unaffected~Ueff ;4–5 eV is much
13441
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larger thanTV;0.01 eV!. This picture is supported by recen
optical measurements,24 which show a strong temperatur
dependence of the optical properties of Fe3O4 only in the
range from 0 to 1 eV. The absolute value of the measu
prominent peak in the optical absorption for photon energ
around 0.6 eV determined by the FeB

21(a1g↑)→FeB
31(t2g↑)

interband transitions~Fig. 7! gradually decreases by abo
30% when changing the temperature from 10 to 490
However, the other parts of the spectrum change very lit
Further evidence can be found from the temperatu
dependent magnetic circular dichroism~MCD! measure-
ments of Fe3O4.

31 MCD spectra in core-level absorption a
element specific and site selective, thus providing valua
information on the energy position of empty states in a w
energy interval. It was found that theM2,3MCD spectra of

FIG. 8. Calculated off-diagonal parts of the dielectric functi
«xy , Kerr rotation, and Kerr ellipticity spectra of Fe3O4 compared
with experimental data~circles! ~Ref. 28!.
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Fe3O4 reflecting the Fe 3d unoccupied states are almo
identical for 50 and 300 K.

B. Mg2¿ and Al3¿ substituted Fe3O4

Nonmagnetic Al31 ions can substitute Fe31 ions both at
the A andB sites. However, Mo¨ssbauer studies of relativel
broad compositional range for the spinel system Fe32xAl xO4
indicate that Al up tox51.2 shows a strong preference f
octahedralB sites.65 The optical and MO spectra of Al31

substituted magnetite FeA
31@Fe21Fe12x

31 Al x
31#BO4

22 have
been recently presented in Ref. 26 forx50.02, 0.2, and 0.4

The optical and MO spectra of Mg21 substituted magne
tite have been measured in Ref. 25. Unfortunately it was
possible to prepare the samples with substituted Mg21 ions
only at octahedral B sites. Mg21 ions occupy both
the octahedralB and tetrahedralA sites. The cation dis-
tribution formula for substituted magnesium
@Mgx

21Fe12x
31 #A@Mg12x

21 Fe11x
31 #BO4

22 with x50.1, 0.13, and
0.24.25 The optical measurements clearly show that Mg s
stituted magnetite is a semiconductor with a substanti
larger gap in comparison with pure magnetite25

FeA
31@Mg21Fe31#BO4

22 is already a charge ordered com
pound with Mg21 and Fe31 ions occupyingB1 andB2 sites,
respectively. The infrared reflectivity measurements on
substituted magnetite at 10 K performed in Ref. 25 show t
the spectrum is nearly identical to the room-temperat
data.

We have calculated the electronic structure, optical,
MO properties of both the magnesium and aluminum sub
tuted magnetite using the LSDA and LSDA1U approxima-
tions. The local symmetry in substituted magnetite is redu
to C2v andC2h at theA andB sites, respectively. The crysta
field causes thed orbitals to split into five singlets at eac
site:a18 , a19 , b1 , a2 , andb2 at theA site andag1 , ag2 , ag3 ,
bg1 , andbg2 at theB site. The tetrahedral component of th
crystal field at theA site is strong enough that thea19 , a2 ~
3z221 andx22y2! and a18 , b1 , andb2 ~the linear combi-
nation of thexy, yz, andxz! orbitals form two separate non
overlapping bands. However, thea192a2 and a182b12b2

splitting is negligible in comparison with their widths, ther
fore we present in Figs. 9 and 12 DOS ofe orbitals as a sum
of thea19 anda2 orbitals andt2 as a sum of thea18 , b1 , and
b2 ones. Correspondingly, at the octahedralB site we sum
the DOS ofag3 andbg2 ~former eg! andag1 , ag2 , andbg1
~former t2g orbitals!.

Figure 9 shows the LSDA1U partial density of states o
magnesium substituted magnetite FeA

31@Mg21Fe31#BO4
22.

The energy-band structure is very similar to the band str
ture of pure magnetite~compare Figs. 9 and 4!, except that
there are no FeB

21 states in the magnesium substituted ma
netite. Because the occupied FeB

21 a1g↑ and eg↓8 states of
Fe3O4, situated in the vicinity of the Fermi level just dro
out in the MgB

21 substituted magnetite the Fermi level in th
latter compound is placed at the top of the oxygen 2p bands.

Although the LSDA calculations are able to predict t
correct insulating ground state of MgB

21 substituted magne
tite, they significantly underestimate the energy gap and g
13441
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a wrong energy position for thed states. As a consequenc
the LSDA calculations give unsatisfactory agreement
tween calculated and experimental optical spectra in
0–3-eV energy interval~Fig. 10!. The LSDA1U calcula-
tions produce a larger energy gap, shift the energy ba
from the vicinity of the Fermi level, and, as a result, give
substantial improvement over the LSDA results~Fig. 10!. As
we mentioned above, below 2.5 eV the optical spectra
pure magnetite are determined only by interband transiti
between Fe 3d bands. It is not the case for MgB

21 substituted
magnetite. It was found that for the substituted compou
strongly hybridized Mg 3p and O 2p states situated jus
under the Fermi level~Fig. 9! determine the optical spectra
In particular, the prominent peaks of the optical conductiv
and «xx at 3.5 eV are determined by the O (2p↓)
→FeA

31 (e↓ ,t↓) and O (2p↑)→FeB
31 (eg↑ ,t2g↑) interband

transitions.
After consideration of the band structure and optical pro

erties we turn to the magneto-optical spectra. Compare
pure magnetite the MO spectra of MgB

21 substituted magne
tite show a decrease of the negative Kerr rotation near 0.9
by a factor of approximately 10.25 Also the rest of the spectra

FIG. 9. LSDA1U partial DOS of MgB
21 substituted magnetite
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differ markedly from those of pure magnetite. The be
agreement between theory and experiment for the MO s
tra was found to be when we used the LSDA1U approxi-
mation. In Fig. 11 we show the experimentally measure25

Kerr rotation spectrum of MgB
21 substituted magnetite, a

well as off-diagonal parts of the dielectric function calculat
with the LSDA and LSDA1U approximations. The
FeB

21 a1g↑ states, responsible for the prominent minimum
Kerr rotation spectrum around 0.9 eV in pure magnetite,
not exist any more. Therefore this fine structure disappea
the MO spectrum of MgB

21 substituted magnetite.
The experimental features of the Kerr rotation and o

diagonal optical conductivity spectra are reasonably well
produced by the LSDA1U calculations. However, the
theory predicts larger Kerr rotation in the 1.5–3.5 eV ene
interval. One of the possible reasons of such disagreem
might be the following. Our theoretical calculations we
performed for the ideally substituted magnet
FeA

31@Mg21Fe31#BO4. On the other hand, the experimenta
measured magnesium magnetite had the nominal comp
tion @Mg0.1

21Fe0.9
31#A@Mg0.9

21Fe0.1
21Fe1.0

31#BO4. In Fe3O4 the mag-
netic moments within theA andB sublattices are ferromag
netically aligned while the two sublattices a
antiferromagnetic with respect to each other, therefore

FIG. 10. Optical reflectivity and diagonal parts of the dielect
function«xx of MgB

21 substituted magnetite calculated within LSD
~dashed line! and LSDA1U ~solid line! approximations compared
with experimental data~Ref. 23! ~circles!.
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Kerr rotation spectrum is composed by the signals com
from the A and B sublattices with opposite signs. Even
small deviation from the ideally substituted magnetite c
greatly affect the compensation effect between theA and B
sublattices in the Kerr rotation spectrum.

The LSDA1U band structure of AlB
31 substituted Fe3O4

is also very similar to the band structure of pure magne
~compare Figs. 12 and 4!, except that in the aluminum sub
stituted magnetite there are no FeB

31 energy bands. They sim
ply drop out in the AlB

31 substituted magnetite with very little
change in the position and widths of the rest of the ene
bands.

In Fig. 13 we show the experimentally measured26 Kerr
rotationuK(v) spectrum as well as off-diagonal parts of th
dielectric function of aluminum substituted magnetite w
the nominal composition FeA

31@Fe21Fe0.6
31Al0.4

31#BO4 in com-
parison with the LSDA1U calculated spectra for the ideall
substituted FeA

31@Fe21Al31#BO4 compound. As the promi-
nent minimum at 0.9 eV in the Kerr rotation spectrum
Fe3O4 is completely determined by the interband transitio
betweend states of FeB

21 and FeB
31 ions it should be sup-

pressed if either initial (FeB
21 d) or final (FeB

31 d) bands for
these transitions disappear from the band structure upon
stitution. The first case is realized in Mg substituted mag

FIG. 11. The off-diagonal parts of the dielectric function«xy and
the Kerr rotation spectrum for MgB

21 substituted magnetite calcu
lated within LSDA ~dashed line! and LSDA1U ~solid line! ap-
proximations compared with experimental data~Ref. 25! ~circles!
for @Mg0.1

21Fe0.9
31#A@Mg0.9

21Fe01
21Fe1.0

31#BO3.95
22 .
0-9
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tite ~see Fig. 11!. In Al substituted magnetite, on the oth
hand, FeB

31 ions are replaced by Al31. There are no FeB
31

derivedd bands above the Fermi level and, as a result,
calculated Kerr rotation remains positive below 2 eV. In co
trast to the calculations, the measurements of the Kerr r
tion spectra have been performed for partially substitu
compound in which only 40% of FeB

31 ions were replaced by
Al. Therefore the minimum at about 1.0 eV derived from t
transitions to FeB

31 states is still present in the experimen
spectrum~Fig. 13!, however, its magnitude is smaller than
pure magnetite. Experimental measurements of the Kerr
tation spectrum of completely substituted AlFe2O4 are highly
desired.

IV. SUMMARY

In contrast to LSDA, where the stable solution is a me
with a uniform distribution of thet2g↑ electrons on the octa
hedral sites, the LSDA1U gives a charge-ordered insulat
with the direct energy gap of 0.19 eV. However, in our ban

FIG. 12. LSDA1U partial DOS of AlB
31 substituted magnetite
13441
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structure calculations we regard the Fe3O4 compound as an
ideal system with perfect charge ordering withb1 chains
occupied only by Fe21 ions andb2 chains by Fe31 ions ~the
Verwey type of ordering2!. The real situation is much mor
complicated. As shown in Ref. 16 aboveTV magnetite be-
comes metallic, but with a very small value of the density
states at the Fermi level, which becomes larger with incre
ing temperature. Another temperature-dependent photoe
sion measurement22 shows that on heating through the tra
sition temperature TV the single-particle gap is no
eliminated immediately, but gradually reduces with the
creasing of temperature above the Verwey transition. T
can be an indication of the existence of a short-range cha
order or many different short-range charge ordered st
with frustrated geometries aboveTV , as proposed by
Anderson.35 Such states are gradually lost on increasing
temperature. We also note that the charge order belowTV is
more complicated than the simple Verwey pattern, and t
the phase transition is accompanied by a structural trans
mation from cubic spinel to monoclinic structure.40,41

The LSDA1U calculations give reasonably good agre
ment between theoretically calculated and experiment

FIG. 13. Calculated off-diagonal parts of the dielectric functi
«xy and the Kerr rotation spectrum for Al31 substituted magnetite
~full line! compared with experimental data~circles! for
FeA

31@Fe21Fe12x
31 Al x

31#BO4
22 (x50.4) compound~Ref. 26!; dashed

line shows theoretically calculated Kerr rotation spectrum of Fe3O4.
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measured optical and MO spectra of Fe3O4. The minimum in
the Kerr rotation spectrum at 0.9 eV is due to th
FeB

21 (a1g↑)→FeB
31 (t2g↑) interband transitions. The secon

maximum at about 2 eV is associated with the FeB
21 (a1g↑)

→FeB
31 (eg↑) interband transitions. The minimum in th

Kerr rotation spectrum between 3 and 4 eV can be associ
with the FeB

31 (eg↓)→FeA
31 (e↓ ,tg↓) interband transitions. In

general, our LSDA1U band-structure calculations suppo
the picture of the MO-active transitions in Fe3O4 drawn ear-
lier by Fontijn et al.26 using the experimental data.

Although the LSDA calculations were able to predict th
correct insulating ground state of MgB

21 substituted magne-
tite, they significantly underestimate the energy gap and g
a wrong energy position for thed states. As a consequenc
the LSDA calculations give unsatisfactory agreement b
tween calculated and experimental optical and MO spectr
the 0–3 eV energy interval. LSDA1U calculations produce
a larger energy gap, shift the energy bands from the vicin
s

.
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V
.
in
D

,

re
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of the Fermi level and as a result give a substantial impro
ment over the LSDA results.

Finally, we would like to point out that while the LSDA
1U approach does a better job than the LSDA in the tre
ment of correlation effects, it is still unclear how well
performs in evaluating the subtle energies and interact
affecting the charge ordered ground state and the higher
perature short-range ordered states. Magnetite is likely
remain scientifically interesting for many more years as
fits its remarkable history.
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