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Calculation of exchange integrals and electronic structure for manganese ferrite
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The electrical and magnetic properties of manganese ferrite (MnFe2O4) are calculated with the density-
functional theory~DFT! method for both normal and inverse spinel structures. The exchange functional is
chosen to be a mixture of Becke exchange and Fock exchange with variable weight~w!. The exchange
integralsJAB ~the exchange integral between the nearest-neighborA andB sites! andJBB ~the exchange integral
between nearest-neighborB sites! are calculated by substituting the total energies of different magnetic ground
states into the Heisenberg model. The calculated value ofJAB is in agreement with the experimental values
measured by neutron diffraction and NMR. Also, the parametersU ~Coulomb repulsion energy!, D ~charge-
transfer energy!, andEG ~band gap! are extracted from the density of states~DOS! and plotted versusw. Our
calculated band gap shows that MnFe2O4 is a complex insulator, in contrast to previous local spin-density
approximation and generalized gradient approximation calculations, which showed it to be half metallic.

DOI: 10.1103/PhysRevB.66.184420 PACS number~s!: 75.30.Et, 75.50.Gg, 71.20.Ps, 71.15.Mb
a

al

ll,

at
o
i
t

,
la

e

es

-
tly

-
a

g

b
-

n
r
le
rg
g
-

e

nti-
tic
rly
in
lts

gle-
ge

x-
give

gh-
s-

nce

ntal
d

al
elf-
t

in

the
IC

ve
ex-
e

nd
I. INTRODUCTION

Manganese ferrite is a well-known microwave ferrite m
terial with a spinel crystallographic structure~space group
Fd3m), in which O22 form tetragonal and octagonal loc
symmetries that are referred to asA and B sites,
respectively.1 A normal spinel structure, per primary ce
consists of twoA sites occupied by two Mn21 and fourB
sites each occupied by four Fe31. On the other hand, an
inverse spinel structure, per primary cell, consists of twoA
sites occupied by two Fe31 and fourB sites occupied by both
two Mn21 and two Fe31 ions. Experiments have shown th
manganese ferrite bulk material existed in a mixture of n
mal and inverse spinel structures and that the range of
verse spinel structure varied around 20%, depending on
details of material preparation.2 Although this ferrite material
has had a niche in microwave technology for a long time3,4

the basic mechanisms behind the ferrimagnetic and insu
ing ground states have only been understood in the fram
the Hubbard model.5–7 The superexchange interaction5,8–10

betweenA andB sites as implied in the Hubbard model giv
rise to an antiferromagneticJAB , which is much stronger
than antiferromagneticJBB andJAA due to the local symme
tries ofA andB sites and the crystal structure. Consequen
it yielded a ferrimagnetic ground state1 as observed in
neutron-diffraction experiments.2 At the same time, the on
site Coulomb repulsion in the Hubbard model splits the h
filled d bands of Fe31 and Mn21 into full and empty sub-
bands with opposite spins, and thus, gives rise to a band
at the Fermi level, referred to as a Mott insulator.11–15 The
insulating property of this material has been confirmed
activation energy experiments.16 Also, since Mn and Fe be
long to later 3d transition metals, MnFe2O4 may be classi-
fied as a charge-transfer insulator17–21in which thed-d trans-
fers between magnetic ions are via the intervening liga
through p-d hybridization.22–25 Regardless of whethe
MnFe2O4 is a Mott or charge-transfer insulator, a reliab
quantitative calculation of exchange integrals and ene
gaps requires an accurate estimation of the transfer inte
~t!, on-site Coulomb repulsion~U!, and charge-transfer en
0163-1829/2002/66~18!/184420~8!/$20.00 66 1844
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ergy~D!, which may not be available in the framework of th
Hubbard model self-consistently.

Band calculations have been rather successful in qua
tatively estimating the electronic structure of nonmagne
materials, if the electron-electron interaction was prope
approximated by a single-electron Hamiltonian. However,
practical calculations for transition-metal oxides, the resu
are rarely in agreement with experiments due to the sin
electron approximation, and sensitive to forms of exchan
and correlation functionals. For example, Hartree-Fock26–29

~HF! calculations usually yield an antiferromagnetic e
change integral weaker than the experimental value, and
rise to a larger band gap. For nickel monoxide~NiO!, HF
yielded aJ2 ~exchange integral between next-nearest nei
bors! of 49 K,30 compared to 221 K given by magnon di
persion measurement,31 a band gap of about 14 eV,30 com-
pared to about 4.0 eV as measured by an optical reflecta
spectrum,32 or photoemission spectroscopy~PES! and
bremsstrahlung isochromat spectroscopy~BIS!.18,33 On the
other hand, local spin-density approximation34–37 ~LSDA!
usually gives rise to a band gap smaller than experime
values. When the LSDA is applied to NiO, the ban
gap is about 0.9 eV;38–40much smaller than the experiment
value. Several corrections to the LSDA, such as the s
interaction correction ~SIC!,41,42 generalized gradien
approximation43–48 ~GGA!, and LSDA1U ~Ref. 49! were
intended to improve the band gap. However,
LSDA1U,49–52 U is an ad hoc parameter. The SIC and
GGA are not sufficient to open the energy gap as large as
experimental value. For NiO, the band gap is 2.54 by S
~Refs. 53 and 54! and 1.2 eV by GGA.55

Moreover, the shortcoming in which most of the abo
calculations failed to predict the correct band-gap and
change integrals for later 3d transition metal oxides can b
traced to the inaccurate predictions of predictingU andt. HF
overestimatesU and LSDA underestimatesU. For NiO, HF
yields U;27.9 eV ~Ref. 30! and LSDA yields
U;2 eV,38–40compared to 7–9 eV measured from PES a
BIS experiments.18,33 HF underestimatest and LSDA over-
estimatest. For NiO, since the contribution tot is substan-
©2002 The American Physical Society20-1
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XU ZUO AND CARMINE VITTORIA PHYSICAL REVIEW B 66, 184420 ~2002!
tially the covalence effect between Ni21 and O22 and the
covalence effect oft2g orbits is negligible,t is proportional
to the crystal-field split (DCF) approximately.5 HF yields
DCF;0.012 hartree'0.33 eV30 and LSDA yields DCF
;1.3 eV,40 compared to 8500 cm21'1 eV for
@Ni(H2O)6#21 ~Ref. 56! or 7250 cm21'0.9 eV for
KNiF3 .57 Since HF underestimatest and overestimatesU,
according to the Hubbard model it underestimates the su
exchange interaction and overestimates the band gap. O
other hand, since LSDA overestimatest and underestimate
U, according to the Hubbard model it overestimates sup
exchange interaction and underestimates band gap.

In fact, in a solid,U can be obtained by renormalizing th
on-site Coulomb repulsion of the bare ions (Ub) in a nonin-
teracting system, which is given by

U5
Ub

11Ub /G
, ~1!

where G is the Green function that takes the electro
electron interaction into account.7 In HF, since the electron
electron correlation is neglected,U is equal toUb , which is
equivalent toG→`. When the electron-electron correlatio
is increasing,G is finite but decreasing in value. For trans
tion metals, Kanamori estimatedU;W, where W is the
bandwidth of thed band, which is much smaller thanUb .7 In
LSDA, the overemphasized electron-electron correlat
yields G;W, which is much smaller thanUb , and, conse-
quently, yieldsU;W.40 Also, DCF can be interpreted as th
different p-d hybridization strength for theeg and t2g
orbits.17 Thus, any underestimation or overestimation of h
bridization may yield an incorrectDCF. From the result of
DCF, it is obvious that the hybridization is underestimated
HF but overestimated in LSDA. This is consistent with t
underbinding problem of HF~Refs. 30 and 58! or the
overbinding problem of LSDA,59,60 which is also due to the
underestimation in HF or overestimation in LSDA for th
electron-electron correlation. Thus, the failures of the ab
calculations in later 3d transition-metal oxides are inherite
by the exchange-correlation functional chosen to appro
mate the electron-electron interaction. From the results of
band gap, SIC and GGA are more accurate than both LS
and HF in approximating the electron-electron correlati
but still insufficient for transition-metal oxides. However,
mixture of Fock exchange and LSDA may be the prop
approximation in insulating transition metal oxides, since
is based on the linear interpolation of the adiabatic relat
of Kohn-Sham density-functional theory.61,62 In this paper,
our calculation is based on the mixture of Fock exchange
Becke exchange for MnFe2O4. We calculatedJAB , JBB ,
EG , U, andD as a function ofw. We find thatJAB andJBB
agree with the experimental values, and that MnFe2O4 is an
insulator.

II. APPROACH

We choose a modified version of Becke’s parametrizat
of the exchange-correlation approximation, which is exa
ined for a wide range of atoms and molecules.62 In this ap-
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proximation, the correlation part is given by

EC5EC
LSDA10.81DEC

PW, ~2!

whereEC
LSDA andDEC

PW are LSDA correlation and Perdew
wang GGA~PWGGA! correction, respectively.44,45 The ex-
change part is given by

EX5~12w!~EX
LSDA10.9DEX

B!1wEX
exact, ~3!

whereEX
exact, EX

LSDA , and DEX
B are exact exchange, LSDA

exchange, and Becke gradient correction,47,48respectively. In
Becke’s original parametrization, 0.81, 0.9, andw50.2 are
determined from the least-squares fitting of atomization
ergies, ionization potentials, and proton affiliates.62 In this
paper, we are allowingw to vary between 0 and 1 to fit th
experimental value ofJAB andJBB . In the calculation,EX

exact

is replaced by the Fock exchange (Ex
F) according to the ar-

gument that the exact exchange, the exchange of the no
teracting Kohn-Sham reference system, is approxima
equal to the Fock exchange.59,60 We choose local Gaussia
basis sets for Mn21, Fe31, and O22. The basis set of Mn21

~86-411d41G! was optimized for MnO ~Ref. 30! and
KMnF3. The basis set of Fe31 ~86-411d41G! was optimized
for Fe2O3.63 The basis set of O22 ~8-411G! was optimized
for a wide range of oxide materials including MnO and NiO
The calculations were implemented by theCRYSTAL98 code64

with experimental geometry,65 where the lattice constanta
58.511 Å and the position of O22 is u50.3846, in a self-
consistent spin-dependent scheme, in which the net spin
primary cell is locked at the theoretical value of a simp
ionic model. For example, if we designate the system to h
an assumed ferromagnetic structure, the net spin in a prim
cell will be locked at 30. In the calculation, we found that t
convergence depends on the magnetic structure assign
the lattice andw. For example, for the assumed ferroma
netic structure, any value ofw yielded convergence. For th
experimental ferrimagnetic structure, a value ofw smaller
than 40% caused divergence. The divergence was the r
of the conflict between the highly localized basis sets~opti-
mized by HF! and LSDA terms in the Hamiltonian that favo
delocalized states. To improve the convergence and a
time-consuming optimization for everyw, we expanded the
3d part of the Fe31 basis set up to 130% in the radial dire
tion. This adjustment of basis set improves the value ofJBB
toward the experimental value.

III. CALCULATED RESULTS

A. Magnetic properties

One of our main focuses in this calculation was to be a
to explain numerically the observed values ofJAB andJBB in
MnFe2O4. We were only concerned withJAB andJBB , since
there was no experimental data forJAA with which to com-
pare. To determineJAB andJBB , we calculated the ground
state energies of three different magnetic structures den
as FM, FI-1, and FI-3. FM is the assumed ferromagne
structure, in which all the spins in theA and B sites in a
primary cell are parallel to each other. FI-1 is the observ
ferrimagnetic structure in experiments, in which the sp
0-2
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CALCULATION OF EXCHANGE INTEGRALS AND . . . PHYSICAL REVIEW B66, 184420 ~2002!
within A and B sublattices are aligned parallel, but a
aligned antiparallel between them. FI-3 is an assumed fe
magnetic structure, in which the spins within theA sublattice
are aligned parallel and spins within theB sublattice are
aligned antiparallel. Structure FI-2, where the spins wit
the A sublattice are aligned antiparallel, is not consider
sinceJAA is not of interest here. Assuming the spin arrang
ment is collinear and substituting each magnetic struc
into the Heisenberg model, we obtain

JAB5
1

96S2 ~EFI-12EFM!,

JBB5
1

32S2 FEFI-32
~EFI-11EFM!

2 G , ~4!

whereS5 5
2 is assumed according to the ionic model. T

calculatedJAB andJBB are plotted as a function ofw in Fig.
1 for a normal spinel structure using optimized basis s
The calculatedJAB is negative~antiferromagnetic! for all
values ofw, and becomes stronger whenw decreases. In the
case of pure Fock exchange (w5100%), JAB524.7 K is
obtained. The calculation will diverge ifw is smaller than
40% for FI-1 and FI-3 structures. Atw540%, JAB5
215.3 K is obtained, which is reasonable if compared
JAB5222.7 K obtained from nuclear magnetic resonanc66

and JAB5219.1 K as measured from magno
dispersion.67,68 However, our calculatedJBB was always
positive ~;10 K!, representing a ferromagneticJBB , which
is not in agreement with the experimental value of23.0 K.66

In fact, whenw decreases from 100%,JBB first increases
slightly and reaches a maximum at 50% and then decre
slightly. For inverse spinel structure, where we assumed
Mn21 are on B sites ~100% inverse!, we obtainedJAB5
24.4 K at w5100% andJAB5214.5 K at w550% ~Fig.
1!. When w was chosen to be smaller than 50%, the se
consistent iteration is divergent. As in the normal spin
structure, whenw decreased, the antiferromagneticJAB be-
comes stronger, butJBB was always positive~;7 K!.

FIG. 1. JAB andJBB of normal and inverse structures using t
basis set optimized by HF.
18442
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The above results are explained in terms of the comp
tion between direct exchange and superexchange interac
between spins atA andB sites. As discussed in the introduc
tion, HF underestimatest and overestimatesU and conse-
quently underestimates the superexchange contribution
JAB . Since the distance between anA site and its nearest
neighborB site is 3.5 Å and the bonding angle ofA-O-B is
122.0°, the direct exchange contribution to the exchange
tegral is negligible. Thus, we obtain an antiferromagne
JAB even using only the Fock exchange, although the va
of JAB is about 20% of the experimental value. On the oth
hand, since the distance between the nearest-neighborB sites
is 3 Å and the bonding angle ofB-O-B is 94.5°, the direct
exchange exceeds the superexchange contribution unde
mated by HF. Thus, a pure Fock exchange leads to a qu
tatively incorrect ferromagneticJBB . This conclusion is ap-
plicable to manganese monoxide~MnO! also. In MnO,J2
~the exchange integrals between the next-nearest-neig
Mn21 ions with a 180° Mn-O-Mn bond! given by HF is
21.4 K, compared to the experimental value of24.8 K. On
the other hand,J1 ~the exchange integrals between neare
neighbor Mn21 ions with a 90° Mn-O-Mn bond! given by
HF is 20.19 K,30,69 compared to the experimental value
24.2 K.70,71 However, whenw decreases, the underestim
tion of superexchange is compensated by the LSDA con
bution contained in the Becke exchange, since pure LS
usually overestimatest and underestimatesU and, conse-
quently, overestimates the superexchange contribution to
exchange integrals. Therefore, in the case ofJAB , since the
direct exchange is negligible, the antiferromagneticJAB be-
comes more and more negative or antiferromagnetic whew
decreases. However, in the case ofJBB , the contributions
from both direct exchange and superexchange increase
tend to cancel each other whenw decreases. As a result,JBB
is always positive for both normal and inverse spinel str
tures.

JBB for an inverse spinel structure is usually about 35%
40% smaller than that of the normal spinel structure at
same value ofw. It is noted that the 3d wave functions of
Fe31 and Mn21 are almost the same except that the 3d wave
functions of Mn21 are more extensive in the radial directio
The improvement ofJBB for the inverse spinel structur
could be due to the expansion of 3d wave functions of mag-
netic ions atB sites. Thus, we expect that expanding thed
wave function of Fe31 in a radial direction will improveJBB
toward the experimentally observed antiferromagnetic va
We have expanded the 3d wave function of Fe31 in the
radial direction by a nonlinear regression fitting of scal
original wave functions. In detail, we define the expandedd

wave functionR̃(r ) as

R̃~r !5l3/2R~lr !, ~5!

wherel denotes the scaling factor andR(r ) is the original
wave function. BothR(r ) and R̃(r ) are defined by a linea
combination of four Gaussian-type orbit with four expone
tial and four contraction parameters. We found that expa
0-3
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XU ZUO AND CARMINE VITTORIA PHYSICAL REVIEW B 66, 184420 ~2002!
ing the 3d wave function of Fe31 improved the calculated
value of JBB for both normal and inverse spinel structure
For the normal spinel structure, usingl51/1.3, we obtain
JAB5218.3 andJBB524.4 K atw530%, which are quan-
titatively in agreement with experimental values~Fig. 2!. For
the inverse spinel structure, usingl51/1.3 we obtainJAB
5221.4 K atw540%, which is also qualitatively in agree
ment with experimental values~Fig. 2!. We also note that the
expanding 3d wave function improved the convergence
the calculation. For example, withl51/1.3 the calculation is
convergent atw50.30 for the normal spinel structure.

B. Electronic structure

So far we have shown that our calculation can lead
values ofJAB andJBB in agreement with experiments. With
out changing any parameters, we want to show that our
culation can also lead to values ofEG , U, andD consistent
with experiments.

First, we consider the Mulliken population of a FI-1 ma
netic structure calculated using optimized basis sets. S
the calculation was spin dependent, it is necessary to de
the Mulliken population of spin-up and -down electrons
na andnb , respectively. The polarized (na2nb) and depo-
larized (na1nb) Mulliken populations of Mn21 and Fe31

versusw ~Fig. 3! show that, whenw decreases, the diver
gence between our calculation and the ionic model increa
This divergence is due to the hybridization between thd
orbits of the magnetic ions and the orbits of the O22 ions.
For example, the calculated polarized Mulliken populatio
for either Mn21 or Fe31 given by our calculation are smalle
than 5~the value predicted by the ionic model!, and decrease
when w decreases. Forw540%, the polarized Mulliken
population~net spin! of Fe31 is 4.45 and24.75 for Mn21,
but for w5100%, the net spin of Fe31 is 4.72 and24.87 for
Mn21. The calculated depolarized Mulliken populations
Mn21 and Fe31 are larger than 23~including the core elec-
trons!, the value predicted by the ionic model, and increa
when w decreases. Moreover, as predicted by crystal-fi

FIG. 2. JAB andJBB of normal and inverse structures using t
basis set in which the 3d wave function of Fe31 is expanded to
130% in the radial direction.
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theory, both polarized and depolarized Mulliken populatio
of d orbits of magnetic ions split toeg and t2g orbits. If we
plot the polarization rate~the ratio of the polarized Mulliken
population to the depolarized one! of d orbits of Mn21 and
Fe31 versusw ~Fig. 4!, we find that in Fe31 t2g orbits are
less polarized thaneg and that in Mn21 eg orbits are less
polarized than thet2g submanifold, which represents the di
ferent local symmetries of Mn21 and Fe31. In the normal
spinel structure, Fe31 and Mn21 ions are located at octahe
dral and tetrahedral sites, respectively. At an octahedral
theeg orbits (d3z22r 2 anddx22y2) extend directly toward the
O22 at the vertexes and thet2g orbits (dxy , dyz , and dzx)
extend toward the edges. Thus, theeg orbits hybridize more
heavily with the orbits of O22 thant2g orbits and, as a result
the eg orbits are less polarized thant2g orbits. On the other
hand, at a tetrahedral site, theeg orbits extend toward the
edge and thet2g orbits toward the O22 ~not directly!. Thus,
the hybridization between thet2g orbits and orbits of O22 is
stronger than that between theeg orbits and the orbits of
O22. As a result, thet2g orbits are less polarized than theeg

orbits. If we compare a 4d orbit and its 3d counterpart, we
find that a 4d orbit is always less polarized than its 3d coun-

FIG. 3. Depolarized Mulliken population (na1nb) and the ab-
solute value of the polarized Mulliken populationuna2nbu of Fe31

and Mn21.
0-4
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CALCULATION OF EXCHANGE INTEGRALS AND . . . PHYSICAL REVIEW B66, 184420 ~2002!
terpart. This is the result of the fact that the 4d orbit is
always more extensive than its 3d counterpart and conse
quently hybridized more heavily with the orbits of O22.

If we compare ad orbit of Mn21 and its counterpart o
Fe31, we find that ad orbit of Mn21 is always more polar-
ized that its counterpart of Fe31. One reason is that althoug
a d orbit of Mn21 is more extensive than its counterpart
Fe31 and the length of the Mn-O bond~;1.98 Å! is little
shorter than that of the Fe-O bond~;2.01 Å!, the difference
of the p-d transfer integral (tpd) between theeg and t2g or-
bits for Mn21 should be weaker than that for Fe31 due to the
tetrahedral local symmetry of Mn21, in which there is no
orbit of Mn21 extending directly toward the O22 ion. The
other reason is that since the configurationud6L& for the
@MnO4#62 complex has a higher energy~more unstable!
than that for the@FeO6#92 complex, Mn21 has a higherD
than Fe31. If we focus on the dependence of polarizati
rate onw, we find that whenw decreases the polarizatio
rates of all thed orbits of magnetic ions decrease. The Fo
term underestimates the hybridization. On the other hand
LSDA term in the Becke exchange overestimates
electron-electron correlation and consequently overestim
the hybridization. Sincew is the linear interpolation coeffi
cient to balance the Fock and the Becke exchanges, we

FIG. 4. Polarization ratiouna2nbu/(na1nb) of Fe31 and
Mn21.
18442
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expect that, whenw decreases, the covalent effect betwe
the magnetic ions and O22 will increase and as a result th
polarization rates of thed orbits will decrease. However
different d orbits exhibit different sensitivity tow. In Fig. 4,
we find that 3d eg is more sensitive than 3d t2g in Fe31, and
that 3d t2g is more sensitive than 3d eg in Mn21. This is
more evidence that 3d eg is more heavily hybridized with
the orbits of O22 than 3d t2g in Fe31, and that 3d t2g is
more heavily hybridized with the orbits of O22 than 3d eg in
Mn21 due to the local symmetry of theA ~tetrahedral! andB
~octahedral! sites.

Also, we have considered the density of states~DOS! pro-
jected on sites and thed orbits of magnetic ions for the FI-1
magnetic structure atw540% calculated using an optimize
basis set~Fig. 5!. Compared to the DOS given by LSDA
~Ref. 72! or GGA,73 the DOS given by our calculation i
quite different. First, the DOS given by LSDA or GGA im
plied that MnFe2O4 is half metallic, where the spin-down
Mn21 and the spin-down Fe31 d bands overlapped eac
other and crossed over the Fermi level. However, in our c
culation, the DOS shows that MnFe2O4 is a typical insulator
with a band gap between the spin-down Mn21 and spin-
down Fe31 d bands. Second, the DOS given by LSDA
GGA implied that MnFe2O4 is a typical Mott insulator for
both Fe31 and Mn21, in which the ligandp band is located

FIG. 5. The DOS of MnFe2O4 projected on sites and orbits.
0-5
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XU ZUO AND CARMINE VITTORIA PHYSICAL REVIEW B 66, 184420 ~2002!
at a lower energy than thed bands of transition-metal ions i
the valence band. However, in our calculation, the Fe31 and
O22 system is a typical charge-transfer insulator and
Mn21 and O22 system is an interim state between the M
insulator and charge-transfer insulator. The DOS projec
on the O22 site shows that there is a wide~compared to the
d bands of magnetic ions! O22 band extending from20.42
to 20.22 hartree~the top of the valence band! for spin-up
electrons and from20.45 to 20.16 hartree~the top of the
valence band! for spin-down electrons. If we plot the DO
projected on Fe31 and O22 sites together, we find that in th
region around the Fermi level~20.6 to 0.4 hartree! a d band
(eg or t2g) of Fe31 splits into three sub-bands, which sep
rate from each other. In these sub-bands, two of them
characteristic of a narrow bandwidth~about 0.05 hartree! but
have opposite spin directions, which correspond to the lo
ized spin-up and -downd states of Fe31. It should be noted
that the spin-up localizedd band of Fe31 is located at a
lower energy than the O22 band at the top of the valenc
band, which is characteristic of a typical charge-transfer
sulator, such as NiO.17,18Also, one of the sub-bands overlap
with the O22 band at the top of the valence band as a re
of the hybridization between thed orbits of Fe31 and the
orbits of O22. However, if we plot the DOS projected o
Mn21 and O22 sites together, the spin-down localized~nar-
row! sub-band is located at the top of valence band and o
laps with the O22 band, which is an interim state betwee
the Mott insulator and the charge-transfer insulator.

In fact, the above differences between the DOS given
LSDA or GGA and that given by our calculation may b
simplified to three important parameters of transition-me
oxidesEG , U, andD. In Fig. 5~a!, we show schematicallyU
andD for Fe31. It is clear that we have extracted aU value
from the t2g bands. There also exists aU value associated
with eg bands. The same applies for the extraction ofD from
Fig. 5~a!. There also corresponds a set ofU andD values for
the Mn21 ion. EG is simply the separation between the v
lence and conduction bands at the Fermi level. First,
considerEG andU, which are closely related in MnFe2O4.
Intuitively, an overestimated electron-electron correlation
LSDA or GGA implies easier transfer of 3d electrons from
one magnetic ion to another, which means a higher cond
tivity at finite temperature or a narrower band gap, wh
also means a lower potential barrier or a smallerU. In the
DOS given by LSDA or GGA, ifU’s of Fe31 and Mn21

were increased, the spin-down Mn21 and spin-down Fe31 d
bands would be separated and, consequently, an insul
result would be yielded. Unfortunately, since LSDA or GG
overestimates the electron-electron correlation,U in LSDA
or GGA was insufficient to separate the spin-down Mn21

and spin-down Fe31 d bands and consequently to open
band gap. On the other hand, the underestimated elec
electron correlation yields the opposite result as predicted
LSDA or GGA. In HF calculations,U is much larger than the
experimental value, and thus,EG is much larger than the
experimental value. Since the functional chosen in our c
culation is a mixture of Fock and Becke exchanges wit
variable weightw, it is possible to study the dependence
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EG andU on w ~Figs. 6 and 7!, which reveals the opposite
natures of HF and LSDA~or GGA! in approximating the
electron-electron correlation. In the configuration interact
~CI! calculation,U is the energy difference between two co
figurationsd6 andd4, corresponding to an extra localizedd
electron andd hole, respectively, if we neglect the dire
exchange ~J! that is usually in order of 1022 eV for
transition-metal oxides. Thus, if we interpret the valen
bands as the states of a probing hole and the conduc
bands as the states of a probing electron,U could be directly
mapped to the energy difference between the localized
bands in the valence and conduction bands. Further, to
move the band effect introduced by translational symme
of the crystal, we calculated the average of a localizedd band
using its DOS as the weight. As shown in Fig. 7,U decreases
whenw decreases. For example, atw540%, U of the Mn21

eg band is about 0.46 hartree'11.7 eV and that of the Mn21

t2g band is about 0.41 hartree'11.2 eV. Atw5100%, U of
the Mn21 eg band is about 0.82 hartree'22.3 eV and that of
the Mn21 t2g band is about 0.80 hartree'21.8 eV. It should
be noted that, under Hartree-Fock approximation,U should
be equal toUb . In fact, Towleret al.evaluatedU for MnO at
the experimental lattice parameter using the radial part ofd

FIG. 6. EG extracted from the DOS.

FIG. 7. U of Fe31 and Mn21 extracted from the DOS.
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wave function of Mn21 optimized for bulk MnO by pure
Hartree-Fock calculation, and obtainedU50.861 hartree
'23 eV.30 When w decreases, more and more electro
electron correlation is taken into account and as a resuU
decreases. Since the basis sets used in our calculation
optimized for pure Hartree-Fock calculations, the calcu
tions will diverge whenw is smaller than 40% for the FI-1
magnetic structure.

Second, we considerU andD, which classify the insulat-
ing transition-metal oxides. Analogous toU, D is extracted
from the DOS as the energy difference between the local
d bands in conduction bands and thed bands submerged int
the O22 bands, and is plotted in Fig. 8. Since both Mn21 and
Fe31 are magnetic in MnFe2O4, we have a complex insula
tor. Using the values ofU and D deduced from the Mn21

bands, we may classify MnFe2O4 as an interim insulator
sinceU'D. However, using the values ofU andD deduced
from the Fe31 bands, we may classify MnFe2O4 as a charge-
transfer insulator sinceU.D. The CI analyses of photo
emission data suggest that MnO is an interim between
Mott insulator and charge-transfer insulator74–76and that he-
matite (a-Fe2O3) is a typical charge-transfer insulator,77,78

which indirectly supports the above result. However, if w
focus on the band gap, which is between the spin-down
d band of Mn21 and the spin-down emptyd band of Fe31,
the substantial contribution to the conduction of intrins
MnFe2O4 is the process

Mn11Fe31↔Mn311Fe21, ~6!

which is a spin-conservative transfer of electrons betw
Mn21 and Fe31. Also, bothU andD monotonously decreas
when w decreases~Figs. 7 and 8!, which is qualitatively
compatible with the fact that the absolute value ofJAB in-
creases monotonously asw decreases.

FIG. 8. D of Fe31 and Mn21 extracted from the DOS.
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IV. CONCLUSION

In Table I, we summarize and compare the values ofJAB
andJBB calculated by us with the experimental values. T
calculatedJAB andJBB are closer to the experimental value
than either HF or GGA for MnFe2O4, by using the basis set
with expanded 3d wave functions of Fe31 ions at w
530%. The calculated DOS shows that MnFe2O4 is an in-
sulator, which is qualitatively in agreement with expe
ments. Also the calculated DOS shows that the Fe31 and
O21 system is a typical charge-transfer insulator and that
Mn21 and O22 system is an interim between a Mott insul
tor and charge-transfer insulator, both of which are indirec
supported by experiments. The dependencies ofU andD on
w are extracted from the calculations, and show qualitat
compatibility with the dependence ofJAB on w. In conclu-
sion our calculated results yield a set of magnetic and e
tronic properties, which are consistent with experimental
servations. The fact that the calculations are able to
generally applicable to various experiments lends some c
ibility to our calculation.
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TABLE I. Comparison between theory and experiment.

JAB ~K! JBB ~K!

Normal Inverse Normal Inverse

This
calculation

215.3a

218.3c
214.5b

221.4d
11.3a

24.4c
7.3b

212.0d

Experiment 222.7,e 219.1f 23.0f

HF 24.7 24.4 10.2 6.6
LSDA
GGA 2464g

aUsing optimized basis sets and evaluated atw540%.
bUsing optimized basis sets and evaluated atw550%.
cUsing the basis sets with expanded 3d wave functions and evalu
ated atw530%.

dUsing the basis sets with expanded 3d wave functions and evalu
ated atw540%

eReference 66.
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