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Effect of electron correlations on the electronic and magnetic structure of Ti-dopeda-hematite
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We study the electronic and magnetic structure ofa-hematite anda-hematite doped with Ti using density-
functional theory. We use both the local spin-density approximation~LSDA! and the local spin-density ap-
proximation with Coulomb correlation (LSDA1U) approximations. We find that as the value of the parameter
U is increased,a-hematite~Ti! changes from a magnetic half metal with a single relatively delocalizedd
electron per Ti to an insulator which has the electron localized on a particular Fe site neighboring the Ti
impurity. In contrast to Ti-dopeda-hematite, LSDA and LSDA1U are in qualitative agreement for the un-
doped system, although LSDA1U predicts values of the structural parameters, band gap, and magnetic
moments on the Fe sites which are closer to experimental estimates. In general, LSDA1U appears to be better
suited for this type of material.
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I. INTRODUCTION

There is much interest in developing magnetic semic
ductors. In order for these materials to be practical th
should have a Curie temperature exceeding 400 K. Ano
very useful property would be the possibility of bothn- and
p-type dopings. The issue has been approached along
different paths—first, by doping traditional semiconducto
such as InAs,1 GaAs,2 GaN,3 and GaP~Ref. 4! with Mn or
other transition metals in order to obtain room-temperat
magnetic semiconductors; second, by using nontraditio
semiconducting materials that are known to be magneti
room temperature. An example of a material of the sec
kind is solid solutions of the minerals ilmenite an
a-hematite. Solid solutions of ilmenite (FeTiO3) and
a-hematite~corundum structure Fe2O3) are potentially inter-
esting spintronic materials because compositions
(FeTiO3)12x(Fe2O3)x in the range 0.15,x,0.5 are known
to be semiconducting and also magnetic.5,6

In a previous paper,7 we investigateda-hematite and
a-hematite with Ti substituted on some of the Fe sites us
density-functional theory within the generalized gradient
proximation ~LSDA-GGA!, where LSDA stands for loca
spin-density approximation. We concluded that this the
provides a good description of the structural properties
a-hematite. In addition, purea-hematite was also correctl
predicted to be an antiferromagnetic insulator; however,
band gap was underestimated and the magnetic momen
the Fe sites were significantly smaller than experiment. T
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substitution of Ti for Fe ina-hematite was predicted to yiel
a net magnetic moment of 4mB with polarization opposite to
that of the Fe atom it replaced and one relatively delocali
carrier with moment parallel to that of the replaced Fe. B
cause the Ti atoms are known experimentally to prefer s
on the same sublattice, the results of those calculations
plied that dopinga-hematite with Ti produces a much large
carrier density in one spin channel than the other, an outco
which would have important implications for spintronics.

It has been pointed out, however, that the standard
sions of density-functional theory~DFT! including LSDA-
GGA may be deficient in describing systems in which stro
electron-electron correlations are important.8 This is particu-
larly true for rare-earth metals for which DFT incorrect
predicts the f orbitals to be at the Fermi energy; fo
transition-metal impurities in alkaline metals, for which DF
predicts strong hybridization between the impurity and
host while in fact a localized magnetic moment is observ
as well as for transition-metal oxides for which DFT signi
cantly underestimates band gaps and the size of local m
netic moments. Sometimes, it also incorrectly predicts a m
tallic ground state.8

Although much progress has been made in understan
the properties of transition-metal oxides, the understand
and especially the computation of their electronic struct
are not nearly so straightforward as for materials such
metals and covalently bonded semiconductors. As we disc
below, band theory has serious difficulties in dealing with t
strong electron-electron correlations in transition-metal
©2004 The American Physical Society29-1
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ides. One approach to the electronic structure of these m
rials has been to build on the ideas of crystal-field theory.9 A
useful classification of transition-metal oxides has been m
by Zaanenet al.10 based upon the relative size of thed-d
Coulomb interaction parameterU and the charge-transfer en
ergy D which describes the energy associated with trans
ing a charge between a transition-metal atom and an oxy
In their classification scheme, ‘‘Mott-Hubbard’’ insulato
have a gap that separates cationd states, while ‘‘charge-
transfer’’ insulators have a gap that separates anionp states
~holes! and cationd states~electrons!.

The simplest way to account for strong correlations with
the context of density-functional theory is to add a Hubb
U term when electrons occupy the same site and orb
This is the essence of the so-called LSDA1U
approximation.8,11,12 In this approach the electrons see
orbital dependent potential that depends on the occupatio
the localized orbitals. In this paper, we use the LSDA1U
approximation to study purea-hematite anda-hematite
doped with Ti and compare the results to standard dens
functional theory. For consistency we use the local sp
density approximation to density-functional theory as a st
dard because the GGA version of DFT has not yet b
generalized to consistently include the HubbardU term.

Comparing LSDA and LSDA1U, we observe both quan
titative andqualitative changes in the electronic structur
We observe, for example, that LSDA1U gives a signifi-
cantly improved band gap fora-hematite and a larger mag
netic moment. In both respects the agreement with exp
ment is significantly improved. In addition, the nature of t
electronic states near the top of the valence band cha
from Fe-d to O-p implying that, within the Zaanenet al.
classification scheme, the nature of the insulating ph
changes from ‘‘Mott-Hubbard’’ to charge transfer. Most im
portantly, use of LSDA1U for a-hematite~Ti! yields an en-
tirely different picture of the electronic structure. Standa
DFT techniques predicta-hematite~Ti! to be a magnetic hal
metal with relatively delocalized carriers, whereas LDA1U
~with sufficiently largeU) predicts that the doped materi
remains insulating with an impurity level localized on
single, particular Fe atom just below the Fermi energy.

Previous calculations ona-hematite include those usin
the local spin-density~LSDA! approach by Sandratsk
et al.,13 a Hartree-Fock based study by Cattiet al.,14 and an
LSDA1U calculation by Punkkinenet al.15 We will discuss
the similarities and differences between our results and th
of these authors in the text. We are not aware of previ
calculations of the electronic and magnetic structure ass
ated with Ti impurities ina-hematite.

There have also been a number of experimental stu
aimed at elucidating the electronic structure ofa-hematite.
Photoemission studies which provide information about
occupied states of the electron spectrum have been rep
by Fujimori et al.,16 by Lad and Heinrich,17 by Dräger
et al.,18 Bocquetet al.,19 and by Kimet al.20 Ultraviolet in-
verse photoemission spectroscopy21 and x-ray absorption
spectroscopy22 have been used to probe the unoccupied p
of the electron spectrum. The optical absorption edge
interpreted in terms of exciton and magnon effects by Gal
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et al.23 Benjellounet al.24 deduced a gap of'2.14 eV from
optical data and'2.16 eV from transport measuremen
This value is slightly less than the value of 2.36 eV th
would be estimated from the transport data of Chang
Wagner.25

II. STRUCTURAL PROPERTIES

The electronic, structural, and magnetic properties
a-hematite anda-hematite~Ti! were calculated using both
the LSDA and LSDA1U approximations. These wer
implemented within theVASP ~Ref. 26! plane-wave code us
ing projector augmented wave-based pseudopotentials. In
calculations, we used both 10 and 30 atom supercells
a-hematite, and 30 or 60 atom supercells fora-hematite~Ti!.
In the case ofa-hematite~Ti! 50% ~30 atom cell! or 25%~60
atom cell! of the Fe atoms in a particular layer were subs
tuted by Ti. Nineteenk points in the irreducible Brillouin
zone were typically used for the 10 atom cell calculatio
five k points in the irreducible Brillouin zone were used f
the 30 atom cell calculations; and onek point was used for
the 60 atom cell calculations. We investigated the range
values for the Hubbard parameter fromU50 to U
510 eV.

Figure 1 shows the corundum structure ofa-hematite.
The structure can be viewed in various ways. One way c
sists of imagining a hexagonal close-packed lattice of o
gen atoms with two-thirds of the interstitial sites occupied
Fe atoms. Viewed in terms of the hexagonal cell, six form
units ~30 atoms! are required. The oxygen atoms occur
layers along thez axis, three atoms per layer, within th
hexagonal cell. Between each of these layers there are
Fe atoms in a noncoplanar arrangement.

The lattice can also be viewed as a rhombohedral
with two formula units~10 atoms! per cell. In terms of this
cell, the lattice is defined by the structural parameters27 given
in Table I. As reported in our previous paper, GGA does
relatively good job of reproducing this structure
a-hematite. Here, we find that LSDA also provides a re
tively good description of its structural properties; howev
we find in qualitative agreement with Punkkinenet al.15 that
LSDA1U reproduces the crystal structure even better. Co
parison between the experimental and calculated param
after relaxation is shown in Table I.

Each iron atom is surrounded by six oxygen atoms t
form a distorted octahedron. Experimentally, three of
oxygen atoms are at 1.95 Å and other three are at 2.1
from the Fe. LSDA predicts these distances to be 1.92 Å
2.13 Å. For LSDA1U (U55 eV) the corresponding dis
tances are 1.92 Å and 2.07 Å. Important structural quanti
for determining the magnetic properties are the vectors c
necting iron atoms through neighboring oxygen atom
Neighboring Fe atoms within the same buckled plane
connected through oxygen atoms with bonds that m
angles of 94°. For the adjacent buckled planes, the uppe
atoms on the respective planes make an angle of 1
through the O between the planes. The angle between
lower atoms is also 132°. Lower Fe atoms on one pla
make an angle of 87° with the upper Fe atoms on the pl
9-2
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above it and 120° with the upper Fe atoms on the pl
below.

III. ELECTRONIC PROPERTIES

A. a-hematite

Figure 2 shows the electronic structure ofa-hematite cal-
culated using the LSDA for the 30 atom cell. The LSDA to
density of states~DOS! for Fe2O3 is shown in Fig. 2~a!, and
the average DOS on the Fe and O sites is shown in Figs.~b!

FIG. 1. Crystal structure ofa-hematite. Large atoms are O
Smaller atoms are Fe. Different shading for the Fe atoms indic
atoms that are predominantly majority or minority spin.

TABLE I. Experimental, LSDA, and LSDA1U structural pa-
rameters fora-hematite. Parameters are given for the rhombohe
~10 atom! cell. U was taken to be 5 eV.

Expt. LSDA LSDA1U

a(Å) 5.424 5.153 5.345
a 55°178 53°508 55°138
u1 0.355 0.347 0.354
x 0.552 0.560 0.556
y 20.052 20.064 20.056
z 0.250 0.250 0.250
17442
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and 2~c!, respectively. The compound is an antiferromagne
insulator with a band gap of 0.31 eV. In Fig. 2~a! we also
note the integrated density of states~IDOS! at certain ener-
gies for which the DOS is zero. These IDOS values toget
with the plots of the DOS on the individual atoms help
understand the origin and character of the states at diffe

es

al

FIG. 2. LSDA density of states fora-hematite:~a! total DOS
with integrated DOS,~b! d-DOS for Fe site within sphere of radiu
0.45 Å, and~c! p-DOS for O site within radius of 1.46 Å.
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energies. The lowest energy 18 spin states~not shown! are
the 1s core states for the 18 oxygen atoms. The next
states~18–90! per spin channel are a combination of oxyg
p states (1833554) plus Fe-d states (633518). Because
of the approximate octahedral symmetry, thed states split
into threet2g-like states and twoeg states. Because the oc
tahedral symmetry is only approximate, the threet2g-like
states would further split into a singlet and doublet in
crystal-field analysis. This additional splitting is obscured
the band delocalization and hybridization. The 12 states~90–
102! within '1 eV of the Fermi energy are primarily Fe-d
eg-like states with a small admixture of oxygen-p. The un-
occupied states above the Fermi energy are divided into
groups, 18t2g-like states~102–120! and 12eg-like states.

Of the 12 Fe atoms in the 30 atom cell, six Fe atoms m
be designated as ‘‘up’’ and six as ‘‘down.’’ We use up a
down rather than ‘‘majority’’ and ‘‘minority’’ even though no
spin axis is specified because the terms majority and mi
ity are not appropriate for an antiferromagnet. Figure 2~b!
shows the DOS for the Fe up sites. The DOS for the Fe do
sites is its mirror image. From the analysis above we see
the Fe is in a high spin state with a nominal spin of 5/2. T
calculated moment is 3.5mB rather than 5mB , however, be-
cause the mean-field nature of the calculation allows so
d-down spin density on the atoms that are primarily up-s
and vice versa. We shall see that this effect is greatly redu
by the inclusion of Coulomb correlations not included with
LSDA.

The LSDA1U total DOS, the DOS on the Fe and O sit
for Fe2O3 is shown in Figs. 3~a!, 3~b!, and 3~c!, respectively.
Just as for LSDA the lowest 18 states in both spin chann
are the 1s states on the 18 oxygen atoms. The next 30 s
in Fig. 3~a! are primarily the five occupiedd states on each
of the six up iron sites (635530). It can be seen that thes
bands are weakly hybridized with the oxygenp states. The
next 54 states can be viewed as the oxygenp states, 3 per
spin channel on each of the 18 oxygen atoms. It can be s
from Fig. 3~b! that these states have a relatively small a
mixture of Fe-d character. The next 18 states are alm
purely unoccupied Fe-d t2g-like states (633518) on the
down sites. Finally there are 12 states that are purely Fd
eg-like states.

The two main differences between the LSDA electro
structure ofa-hematite and the electronic structure with
nonzeroU are the increased band gap and the decrea
hybridization between the Fe-d and O-p states@Fig. 3~a!#.
The band gap increases approximately proportional toU as
the spin-up~occupied! bands and the spin-down~unoccu-
pied! bands are now separated byU, which is the energy
price for double occupancy. ForU55 eV, we obtain a band
gap for a-hematite of 1.88 eV, slightly less than that h
been deduced from experiment.24

In comparing our LSDA-DOS curves with previous wor
we observe that our calculated electronic structure us
LSDA agrees relatively well with that of Sandratskii an
co-workers who used LSDA implemented within the atom
sphere approximation. This approximation required the in
duction of empty spheres at strategic positions within
lattice to better fill the space in the relatively open corund
17442
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structure. Note that within the LSDA, the gap is primarily
gap between unfilled Fe-d eg-like states and unfilled Fe-d
t2g-like states. Although there is some admixture of Op
states throughout both the filled and unfilled bands, the o
gen DOS is largely concentrated in a range of 1.5–7
below the top of the valence band. This means that LSD

FIG. 3. LSDA1U density of states fora-hematite:~a! total
with integrated,~b! Fe site, and~c! O site. In the case shownU
55 eV.
9-4
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EFFECT OF ELECTRON CORRELATIONS ON THE . . . PHYSICAL REVIEW B 69, 174429 ~2004!
hematite might be classified as a Mott-Hubbard insulator
cording to the scheme of Zaanenet al.10

Note that within LSDA, the occupied states on half of t
Fe sites will be primarily up-spin with a small admixture
down, while the unoccupied states are primarily spin do
with a small admixture of up. The primary effect of the Hu
bardU parameter is to require an energy price proportio
to U for this kind of double occupancy of spin states. Th
tends to make thed states on the Fe sites either pure up
pure down. It has the additional effect of separating the
cupiedd states from the unoccupied ones; and because F31

nominally has fived electrons, it tends to separate the
bands from the unoccupied down-d bands and thereby in
creases the band gap.

Comparing our LSDA1U calculations with the Hartree
Fock calculations of Cattiet al.,14 we observe that qualita
tively their results would be similar to that of a LSDA1U
calculation with an extremely largeU. Their calculated band
gap of order 15 eV is much larger than the experimen
value of'2 eV, and the very large separation between
filled d states and the oxygenp states seems to be contr
dicted by photoemission data. Indeed, the photoemis
data were interpreted by Punkkinenet al. to imply a very
small value ofU, 2 eV. We believe that the Coulomb corr
lation effects are smaller than they would appear from
Hartree-Fock calculation, but larger than inferred by Punk
nen et al. We note that Fujimoriet al.16 utilized U'8 eV
~later reduced to 7 eV, Ref. 19! to fit their photoemission
data. In addition,U of 2 eV leads to a very significant un
derestimate of the band gap and an underestimate of
magnetic moment on each site.

The difference between the LSDA and LSDA1U pictures
arises from the increased energy cost of placing both an
spin and a down-spin electron in the same Fe-deri
d-orbital in LSDA1U. This causes the occupied Fe-d orbit-
als to be purely one spin direction. It also significantly r
duces the hybridization between the occupied Fe-d states and
the oxygen-p states. LSDA1U pushes the occupiedd states
below the oxygen-p states so that the band gap at the Fe
energy no longer separates occupied and unoccupiedd
states ~Mott-Hubbard insulator!, but occupied oxygen-p
states and unoccupied Fe-d states~charge-transfer insulator!.
The energy penalty for double occupation of thed orbitals
also increases the magnetic moment as is discussed in
following section.

B. a-hematite„Ti …

The effect of the Coulomb repulsion becomes more p
found in the case ofa-hematite doped with Ti. The LSDA
calculation predicts a ferromagnetic metal with a momen
4mB per Ti @Fig. 4~a!# and a carrier in one of the spin cha
nels. The picture in LSDA1U is qualitatively different. The
system is predicted to remain insulating and a specific
atom becomes an Fe21 ion.

When Ti is substituted for Fe, a Ti atom with four valen
electrons replaces an Fe atom with eight valence electr
Three of these four electrons are taken by the surround
oxygen atoms leaving one electron for the Ti compared
17442
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five electrons for the Fe. For both LSDA and LSDA1U the
Ti d levels are higher than the Fed levels as seen in Figs
4~c! and 5~c! causing Ti to donate its remaining electron
the Fe atoms. Because the majority Fe states are filled,
donated electron must go into an Fe minority state. In pr
ciple, the electron could go into an unfilled minorityd state
on either an up layer or a down layer. We find that both

FIG. 4. LSDA density of states fora-hematite~Ti!: ~a! total with
integrated,~b! generic Fe site, and~c! Ti site.
9-5



i
n
is

n

ver
of

lly
ted

ron
Fe

t to
red

ion
l

ith
the
-
ms.
ce
re-
the
se,
en-

e

c-
d in
rro-
ing

lcu-
nt
n

ng
the

the
the

AMRIT BANDYOPADHYAY et al. PHYSICAL REVIEW B 69, 174429 ~2004!
LSDA and in LSDA1U it chooses to go into an unfilled
minority state on a layer with moments opposite to those
the layer for which the Ti substituted for the Fe. This mea
that the net moment resulting from the substitution
4mB (521) rather than 6mB (511). The manner in which
this electron is distributed, however, is completely differe

FIG. 5. LSDA1U density of states fora-hematite~Ti!: ~a! total
with integrated,~b! an Fe31 site ~thin lines! compared to the Fe21

site ~thick lines!, and~c! Ti site. In the case shownU57 eV.
17442
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in the two cases. For LSDA, the electron is distributed o
all of the Fe atoms with moment direction opposite to that
the substituted Fe as shown in Fig. 6. Thus the LSDA~or
GGA! predict a relatively delocalized carrier. For LDA
1U, however, the extra electron is localized both spatia
and energetically. A very narrow peak appears separa
from the top of the valence band that holds one elect
which is localized on a particular Fe atom on one of the
layers adjacent to the Ti. Thus, within LDA1U, the system
acts as if substitution of Ti causes the formation of an Fe21

state on a particular Fe atom. This atom is not the closes
the Ti, but would be the closest if distances were measu
indirectly through a connecting oxygen atom.

The process just described is a fairly general illustrat
of the effect ofU on the impurity states in transition-meta
oxides. Depending on the position of the impurity levels w
respect to the unoccupied levels of the host material,
impurity electron~s! can either stay on the impurity site form
ing a local moment or they can be donated to the host ato
If the band is not degenerate, this will immediately produ
an insulator. If the band is degenerate the material will
main a metal unless a distortion of the lattice reduces
symmetry sufficiently to remove the degeneracy. In our ca
the trigonal symmetry about the Fe site removes the deg
eracy.

IV. MAGNETIC PROPERTIES

Magnetically,a-hematite is antiferromagnetic with the F
atoms in the buckled planes perpendicular to thec axis being
coupled ferromagnetically with antiferromagnetic intera
tions between the planes. This same structure is obtaine
our calculations, the difference in energy between the fe
magnetic and antiferromagnetic ground states be
'0.7 eV per formula unit for both LSDA and LSDA1U.
This value is somewhat less than the value of 1.0 eV ca
lated by Sandratskiiet al.13 and should be more consiste
with the experimental Ne´el temperature of 953 K based o

FIG. 6. This figure shows how the carrier is distributed amo
the Fe sites in LSDA. Sites 22 and 23 are in the Fe layer above
Ti impurity, and sites 26 and 27 are in the Fe layer below
impurity. Sites 19 and 30 are three Fe layers above or below
impurity. Site 24 is the Ti impurity site.
9-6
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EFFECT OF ELECTRON CORRELATIONS ON THE . . . PHYSICAL REVIEW B 69, 174429 ~2004!
their scheme for estimating theTC . The Hartree-Fock
calculation14 predicts a value less than 0.1 eV per formu
unit which seems unphysically low.

The ferromagnetic interactions within the planes can
rationalized in terms of the fact that the Fe-O-Fe ang
within the plane are close to 90°, a condition which is oft
associated with ferromagnetic interactions in transition-m
oxides. The antiferromagnetic interactions between
planes might also be expected from the Fe-O-Fe an
which are larger (132° or 120°).

We obtained the average magnetic moment on the Fe
by integrating the absolute value of the magnetization d
sity over the 30 atom cell and dividing by 12, the number
Fe atoms. This procedure yields a magnetic moment
3.5mB per Fe in LSDA. This is less than the 5mB that might
have been expected in a simple model in which the Fe at
are assumed to be Fe31. This would leave five electrons o
the Fe atoms and if Hund’s first rule were applied one mi
expect a moment of 5mB . The experimental moment ha
been reported to be 4.6–4.9mB .28 Our calculated moment fo
LSDA is in reasonable agreement with that calculated
Sandratskiiet al.13 who calculated a moment of 3.72mB per
Fe atom in a calculation which used LSDA and an atom
sphere approximation.

Including Coulomb correlations reduces the number
occupied down-spin electron states on the Fe sites tha
predominantly up-spin because the double occupancy ofd
orbital now incurs an energy penalty. Thus our LSDA1U
calculation withU55 eV yields a magnetic moment per F
of 4.1mB . The calculated moment per Fe atom as a funct
of U is given in Table II. These moment values were calc
lated similar to the calculations for LSDA by integrating th
absolute value of the magnetization density over the cell.
comparison, Punkkinenet al.15 obtained a moment of 3.4mB
per Fe atom using LDA1U with U52 eV and Cattiet al.14

estimated a moment of 4.7mB using a Mulliken analysis.
We also were able to convergea-hematite in a ferromag

netic phase using both LSDA and LSDA1U with U
55 eV. LSDA yields a magnetic moment of 2.67mB per Fe
atom, while LSDA1U with U55 eV yields a moment of
5.000mB /Fe.

V. VARIATION WITH U

We also study the effects of different values ofU on the
band gap and moment per Fe site ina-hematite. The band
gap is grossly underestimated by the LSDA approximati

TABLE II. Band gap (DE) and magnetic moment per Fe~M! as
a function ofU for a-hematite. The exchange parameterJ is fixed
to 0.9 eV.

U ~eV! 1.0 2.0 3.0 4.0 5.0 7.0 10.0

DE ~eV! 0.35 0.78 1.09 1.45 1.88 2.57 3.61
M (mB) 3.37 3.70 3.88 4.01 4.11 4.26 4.46
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In Table II, the dependence of the band gap and the siz
the magnetic moment onU is illustrated. The correct value
for the band gap ofa-hematite is obtained forU55 eV. The
magnetic moment is calculated as the total magnetic mom
magnitude divided by the number of Fe atoms in the sup
cell. ForU'5-6 eV the magnetic moment is obtained to
4.11mB per Fe atU55 eV. The above results show tha
LSDA1U, with U'5 eV, corrects the most obvious shor
comings of LSDA. The band-gap size increases by more t
six times to 1.88 eV which compares reasonably well to
experimental value of 2.1 eV.24 The magnetic moment in
creases by 0.6mB which brings it much closer to the exper
mental estimates of (4.6–4.9)mB .28

In the case ofa-hematite~Ti!, for low values ofU ~up to
2 eV) the system remains a metal as in the LSDA predicti
However, the DOS reveals a state forming out of the cond
tion band. At U55 eV, a localized state just below th
Fermi surface has formed but the band gap is very small
U.6 eV, the localized state is well separated from the u
per ~unoccupied! bands. This metal-insulator transition o
curs betweenU52 and 3 eV.

VI. CONCLUSIONS

Mean-field electronic structure theory~LDA ! appears to
provide a good description of the structural and magne
properties ofa-hematite. The inclusion of correlations in th
mean-field theory (LSDA1U) improves the structural pa
rameters and the size of the magnetic moment. However
main impact of the electron-electron correlations is obser
in the calculated electronic structure ofa-hematite and
a-hematite~Ti!. Both methods predicta-hematite to be an
insulator, but LSDA1U gives the correct band gap and
larger magnetic moment. The substitution of Ti for Fe
a-hematite is predicted to yield a net magnetic moment
4mB of polarization opposite to that of the Fe atom it r
placed. However, LSDA gives a mean-field-like picture
which the additional electron donated by the Ti41 impurity is
delocalized over the Fe atoms with the moment opposite
that of the substituted Fe atom. This behavior gives rise
itinerantd electrons and metallic band structure. On the ot
hand, LSDA1U predicts that the extrad electron is local-
ized on a particular Fe atom, thus providing a chemistryl
picture in which each Ti that substitutes for an Fe31 cation
produces an Fe21 cation located at a particular position rel
tive to the Ti impurity.
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