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Using the LDA1U method~where LDA is local-density approximation! we show that a separate treatment
of t2g andeg electrons on transition-metal sites as localized and itinerant, respectively, gives an appropriate
description for the band structure of LaMO3 perovskites (M5Ti–Cu! and systematically improves results of
the local-spin-density approximation~LSDA! for the ground-state and single-electron excited-state properties.
The analysis is based on comparison with experimental magnetic, optical, and photoemission data. Parameters
of the effective Coulomb interaction estimated fort2g electrons and a role ofeg screening are discussed. The
present approach accounts well for the insulating natures of LaTiO3 , LaVO3 , and LaCoO3 , for which the
LSDA predicts metallic states. Changes of the LSDA band structure for LaMnO3 and LaNiO3 are almost
negligible due to the very efficient screening of on-sitet2g interactions byeg electrons.

I. INTRODUCTION

Transition-metal perovskitesAMO3 (A being the triva-
lent metal ion andM being the 3d transition metal! present a
very interesting group of materials being possessed of an
extremely rich variety of properties accompanying the metal-
insulator transition which can be rather easily switched in
both directions either by external factors such as tempera-
ture, magnetic field, or hydrostatic pressure or by doping
effects. A renewed interest in these compounds is related
mainly with the discovery of highTc superconductivity in
perovskite cuprates.1 Very recently the La12xDxMnO3 ox-
ides withD5Ca, Sr, Ba attracted considerable attention be-
cause of a huge negative magnetoresistance observed near
room temperature2,3 and temperature-dependent structural
phase transition induced by an external magnetic field.4

The electronic structure of transition-metal perovskites
has been studied on the base of two different schemes. One is
the configuration interaction approach with model Hamilto-
nians applied to Anderson impurities and clusters.5,6 These
models can be very useful for understanding the underlying
physics responsible for phenomena and provide many-
electron solution of the problem by taking into account the
multiplet splitting caused by on-site Coulomb and exchange
interactions. At the same time this approach is essentially
restricted by its applicability only to finite-size systems and
completely disregards periodicity of correlated sites and dis-
persion of the bands in the solid. Also the model approaches
suffer from quite a large number of adjustable parameters.
Another possibility is to use theab initio band-structure
methods based on the local-spin-density approximation
~LSDA!. Very recently it has been shown that an application
of this approach to LaMO3 perovskites can be quite success-
ful in describing their electronic structures forM5Cr–Cu
both for the ground-state and single-electron excited-state
properties7–9 ~note, however, that a small band gap for

M5Co was not reproduced by LSDA!. Details of the crystal
structure distortions play a crucial role in reproducing the
stable magnetic structure and the insulating state in this band
picture. Nevertheless, many problems still remain unsolved
in the standard LSDA technique. We just refer to some of
them for LaMO3 compounds. The LSDA fails to reproduce
the insulating behavior for early transition-metal perovskites
LaTiO3 and LaVO3 and systematically underestimate the
energy band gap for other insulating compounds. The LSDA
often underestimates the tendency toward magnetism for
LaMO3: calculated magnetic moments tend to be smaller
than experimental ones, no magnetic solution has been found
in the LaTiO3 case, again in contradiction with experimental
data.10 Thus, the electron correlations in the LaMO3 com-
pounds are very important and should be considered more
rigorously beyond the LSDA. The direct way to do it is to
use the many-body perturbation theories and estimate the
exchange-correlation self-energy~for example, in the com-
monly usedGW approximation,11! but due to its complexity
the application of this technique for real perovskite com-
pounds is quite problematic. Only some empirical estima-
tions for the self-energy have been done so far.12At the same
time, more simplified methods can be used to improve the
LSDA. One of them is to start from the uniform electron gas
limit for exchange and correlations~corresponding to LSDA!
and to include inhomogeneity effects through the generalized
gradient approximation~GGA!.13 As is discussed elsewhere,
we have found that GGA enhances the tendency towards
orbital polarization in LaVO3 and YVO3 causing them to be
insulating.14 GGA enhances the crystal field splitting be-
tween t2g and eg states of LaCoO3 making it also nearly
insulating. Nevertheless, the band gap does not open quite
well and moreover GGA improves the LSDA results for
LaTiO3 only partially.

15 Another possibility could be to ac-
cept an opposite~atomic! point of view on correlations be-
tween localized electrons and include them in the same form
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as for the free-standing atom through renormalized param-
eters of electron-electron interaction which can be estimated
in the framework LSDA~LDA1U method16–18!. In this pa-
per we investigate possibilities of the latter approach and
perspectives of its applicability for the transition-metal per-
ovskites. In Sec. II we present a brief review of the LDA1
U formalism stressing the advantages of this description for
localized electrons in comparison with the standard LSDA as
well as some limitations peculiar to the method. In Sec. III
we discuss results of the LDA1U calculations for LaMO3
compounds assuming two points of view on localization for
3d electrons on theM sites, the standard view and the one
proposed by us: in the former, all 3d electrons are supposed
to be localized and influenced by the on-site Coulomb inter-
action screened by other~non-3d) electrons; in the latter,
only 3d electrons of thet2g character are considered as lo-
calized whereas theeg ones are treated as itinerant in the
scope of the standard LSDA approach and allowed to partici-
pate in the screening of on-sitet2g interactions. Such a sepa-
rate treatment oft2g andeg electrons in transition-metal per-
ovskites has a long history mainly associated with the so-
called double-exchange interaction model widely used to
explain the magnetic behavior of Mn-based compounds19

without any serious analysis of its consequences on the elec-
tronic structure itself. In this paper we investigate the direct
effects of such a separate treatment on the band structure and
show that this is a quite appropriate description for the
LaMO3 perovskites. We demonstrate that all the problems of
the LSDA mentioned above could be resolved by the LDA1
U approach. Particularly, the Ti- and V-based perovskites
exhibit insulating~Mott-Hubbard! behavior in this approach
with Ueff;W (Ueff andW being the effective Coulomb in-
teraction betweent2g electrons andt2g bandwidth, respec-
tively! in good agreement with experimental finding, thus
revising the main drawback of the LSDAmetallic picture for
these compounds. In the rhombohedral paramagnetic
LaCoO3 , the correction applied tot2g states increases the
energy separation betweent2g andeg bands, which is suffi-
cient for opening a small band gap. Finally, short conclusion
remarks will be given in Sec. IV.

II. METHOD

We start with the spin-polarized generalization of the
LDA1U method ~so called LSDA1U; see, for example,
Refs. 18 and 20! and consider the total energy functional in
the form

E@r↑,↓,$wm
↑,↓%#5ELSDA@r↑,↓#1EHF@$wm

↑,↓%#2Edc@n
↑,↓#,

~1!

whereELSDA is the LSDA part depending on the components
of spin densityr↑,↓ of the whole system,EHF is the energy of
the Hartree-Fock interaction between localized electrons
with the same spin on the same site

EHF@$wm
↑,↓%#5

1

2
~U2J! (

mÞm8
$nm
↑ nm8
↑

1nm
↓ nm8
↓ % ~2!

in the basis$wm
↑,↓% corresponding to the diagonal representa-

tion for the density matrix. We neglect them dependence of
Coulomb (U) and exchange (J) parameters in Eq.~2!. The

‘‘double-counting’’ termEdc in Eq. ~1! serves to remove a
part of the LSDA total energy corresponding to the interac-
tion between localized electrons. In the LDA1U approach,
theEdc is chosen to be similar to the Hartree-Fock interac-
tion energy~2! but expressed in terms of ‘‘spin-density.’’ Due
to the lack of self-interaction in Eq.~2!, this correspondence
can be found only in some limiting cases. In the ‘‘strongly
localized’’ limit where the single-particle populationsnm

s are
close to 0 or 1, an appropriate expression forEdc is

Edc@n
↑,↓#5

1

2
~U2J!$n↑~n↑21!1n↓~n↓21!% ~3!

which is used throughout in this work.
In contrast to Eq.~2!, theEdc depends only on the total

number of the localized electrons for every spin channelns

and all information about individual populations is com-
pletely lost in the density-functional adapted expression~3!.
The interaction between electrons with different spins
Un↑n↓ can be also formally included in Eq.~2!, but it de-
pends only on spin-density variables and will be exactly can-
celed by the same term appearing in the corresponding
double-counting energy. Thus, in the spin-polarized version
of the LDA1U method the strength of correction required
for localized states is defined only by renormalized Coulomb
interaction between the localized electrons withthe same
spin: Ueff5U2J.

Then, the potential acting on the localized orbital (ms)
can be expressed as

Vm
s ~r !5VLSDA

s ~r !1~ 1
22nm

s !Ueff . ~4!

There are two factors in favor of the LDA1U description
for localized states in comparison with the standard LSDA.18

~i! The discontinuity of one-electron potential for local-
ized states known for an exact density functional, which is
responsible for population imbalance among orbitals in the
narrow bands and formation of the Mott-Hubbard gap, is
restored in the LDA1U approach@Eq. ~4!#.

~ii ! Calculations of the quasiparticle spectrum for strongly
correlated materials starting from LSDA remain quite a chal-
lenging problem and require large computational resources
for its rigorous solution.21 An approximate solution of the
problem can be done using the LDA1U approach. The ar-
gument is based on Slater’s transition state formalism,22

which instead of regular LSDA eigenvalues prescribes to use
those with half-integer occupations at the middle of corre-
sponding excitation«LSDA

↑ (n↑61/2,n↓) ~analogous expres-
sion for spin down,6 correspond to the electron affinity and
ionization potential, respectively!. Using Taylor’s expansion
near the ground state configuration (n↑,n↓) and parametriza-
tion of «LSDA

↑ in terms of Coulomb and exchange interaction
parameters18,23U2J5]«LSDA

↑ /]n↑ ~see also the Appendix!,
we have

«LSDA
↑ S n↑61

2
,n↓D.«LSDA

↑ ~n↑,n↓!6
1

2
Ueff . ~5!

The expression for1(2) sign corresponds to eigenvalues in
LDA1U for empty~occupied! states if the hybridization ef-
fects are neglected@nm

s 50 or 1 in Eq.~4!#.
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The main disadvantage of the LDA1U approach is that it
does not give any nonempirical prescription for the choice of
localized states and their spatial extension. In principle, the
last terms in Eqs.~4! and ~5! are expected to be zero for an
extended state in an infinite system and therefore the normal
LSDA solution can be considered as a limiting case of
LDA1U @in a direct analogy with SIC-LSDA~Ref. 24!#.
Nevertheless one can show18 that any localized solution in
LDA1U corresponds to a LSDA-constraint approach.
Therefore, its energy will always be higher than that of regu-
lar ~itinerant! LSDA due to the variational principle for the
total energy in the LSDA.25 Thus, the energy minimization
procedure is not applicable to the search for localized orbit-
als extension in LDA1U. Normally the choice of particular
localized orbitals in LDA1U is based only on physical in-
tuition like 3d states in the late transition-metal oxides16,17or
4 f in the rare-earth compounds26 and their spatial extension
is modeled by numerical basis functions in the linear muffin-
tin orbital method~LMTO!.27 This choice is based on the
fact that basis functions in the LMTO associated with a given
site have a definite principal quantum number – angular mo-
mentum (nL) character within the atomic sphere at this site
and rapidly decay in the real space~corresponding to the
form of envelope functions27!. Moreover, by choosing the
nearly orthogonal LMTO representation the basis can be ex-
pressed in the orthogonal form in analogy with the Wannier
functions.

III. RESULTS AND DISCUSSIONS

We have applied the LDA1U approach to LaMO3 per-
ovskites using two different schemes to include the effects of
localization on theM (3d) states corresponding to two physi-
cally different points of view on localization in theM (3d)
shell. The first one~LDA1U1) is the standard LDA1U al-
gorithm where allM (3d) electrons are supposed to be local-
ized and experience the on-site Coulomb interaction correc-
tion. In the second scheme~LDA1U2) we assume that only
3d states oft2g symmetry exhibit the tendency toward local-
ization whereas theeg ones can be considered as itinerant
within the LSDA scheme. In the perovskite structure, the
t2g and eg bandwidths are determined mainly byp- and
s-type hybridization with O(2p) states~in this respect the
situation is different from the rock-salt oxides, where also the
direct interaction between nearest transition-metal sites along
the cube-face diagonal gives an appreciable effect on the
t2g bandwidths and is responsible for the mixing between
t2g and eg bands28!. Typically, the magnitude of the
(dpp)-transfer integral is almost half of the (dps) one.29

This difference naturally causes us to treatt2g andeg elec-
trons separately: localized and much slowert2g electrons are

screened by itineranteg ones, which can immediately follow
fluctuations oft2g charges.

All calculations were performed using the ASA-LMTO
method in the nearly orthogonal representation27 for experi-
mentally observed crystalline and magnetic structures listed
in Table I, all details of which can be found in Ref. 7 and
references therein. The tetragonal structure reported
recently30 has been used for LaCuO3. As the basis func-
tions, M (3d,4sp), La(5pd,6sp), and O(2sp,3s) orbitals
have been used. The 6p and semicore 5p states of La were
treated in different energy panels: the first panel included
low-lying bands formed mainly by La~5p! and O~2s! states
whereas the basis functions of 3s type were used on oxygen
sites in the second panel. The 4f states of La show another
example of the strong intra-atomic Coulomb correlations in
the LaMO3 compounds. In accordance with bremsstrahlung
isochromat spectroscopy data31 they are located at about 10
eV above the Fermi level (EF). The LSDA underestimates
this energy separation@only 1.5-4.0 eV whenM varies from
Ti until Cu ~Ref. 7!# with no evident influence of La(4f )
states on magnetic and insulating properties.9 In the present
work we do not include the La(4f ) states in the valence
basis set at all, leaving the effects of localization in the 4f
shell for future study. Keeping in mind that the ASA is rather
a crude approximation for compounds possessing distorted
crystalline structure we have performed as a test several
LSDA calculations changing the ratios between Wigner-Seitz
~WS! spheres for nonequivalent sites~while the total volume
remains unchanged and equal to the experimental one!. The
WS radii chosen from the charge neutrality condition inside
the spheres give the band structures for LaMO3 perovskites
in very reasonable agreement with results of more precise
FLAPW calculations.7,9 The ASA properly accounts for the
hybridization effects for LaMO3 and the choice of the neu-
tral WS spheres minimizes uncertainty in the electrostatic
potential, introduced by ASA.

A. Parameters of Coulomb and exchange interaction

Parameters of the electron-electron interaction for the
LaMO3 perovskites estimated by assuming different models
for localization of theM (3d) electrons are shown in Fig. 1.
These calculations have been performed in a supercell geom-
etry in order to simulate the impurity site which can ex-
change electrons but cannot hybridize with the rest of the
system. The ideal~cubic! perovskite structure is assumed.
The Coulomb interaction parametersU for two charge states
(21 and 31) of transition metal ions can be calculated
using the standard LSDA-constraint technique.23,32,33 For
M21 ions results are very close to analogous estimations
performed for rock-salt transition-metal oxides.16 In the
M31 case the strength of the Coulomb interaction is signifi-

TABLE I. Crystal and magnetic structure for LaMO3 perovskites.M ,O,R, andT denote the monoclinic,
orthorhombic, rhombohedral, and tetragonal structure, respectively.A, C, andG correspond to different
types of antiferromagnetic ordering, andP denotes paramagnetic states.

LaTiO3 LaVO3 LaCrO3 LaMnO3 LaFeO3 LaCoO3 LaNiO3 LaCuO3

Crystal structure O M O O O R R T
Magnetic structure G C G A G P P P
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cantly increased due to contraction of the 3d wave functions
when the number of localized electrons decreases.33 The
static screening by an extra electron which has essentially
long-range origin in the considered compounds~normally,
only 25–30 % of the screening charge belongs to the same
site! is not so efficient to reduceU for theM31 configura-
tion. Thus, decrease of effective Coulomb interaction in
LaMO3 perovskites in comparison with rock-salt oxides de-
duced from analysis of experimental photoemission
data29,31,34–36cannot be explained by different static screen-
ing effects in M31 and M21 configurations. The third
scheme used for an estimation of Coulomb and exchange
parameters (Ut2g

andJt2g in Fig. 1! is based on an assump-

tion that only 3d states of t2g symmetry are localized
whereas theeg electrons are itinerant and allowed to partici-
pate in screening the localizedt2g electrons.

37We have found
the screening byeg electrons to be very efficient and signifi-
cantly reducesU for the t2g shell. The exchange parameter
J reveals an opposite tendency and slightly increases byeg
renormalization. Indeed, the effects ofeg screening are very
different forU andJ. ScreenedUt2g

is mainly defined by the
term ~see the Appendix!

Ut2g
.S 11

dneg
dnt2g

DU, ~6!

whereU is the Coulomb interaction renormalized by other
~non-3d) electrons. Due to the general tendency of local
charge conservationdneg /dnt2g<0 and thereforeUt2g

<U.

If the t2g population is increased only at the expense ofeg
electrons~and vice versa!, dneg52dnt2g andUt2g

50.

Qualitatively, the reason for efficiency of theeg screening
is very simple. The renormalization of the Coulomb param-
eter by other interactions has a formU5U02Uscr

0 , where
U0 is a bare interaction between localized electrons and
Uscr
0 is a screening interaction of localized electrons with the

rest of the system. Normally, if the orbitals participating in
the screening are spatially different from localized states~say
4sp and 3d), Uscr

0 ,U0. Thus, this interaction cannot pro-
duce an absolute~100%) renormalization of the Coulomb
U in principle. Even with a purely metallic mechanism when
Coulomb interaction is screened entirely by the states be-
longing to the same site~which is believed to be the most
efficient!, U can be renormalized typically only up to;4 eV
for 3d sites.23 When the nature of orbitals participating in
screening is similar to the localized state,Uscr

0 ;U0 and the
renormalization can be very efficient. Thus, the magnitude of
the Ut2g

parameter strongly depends on the nature of the

states participating in renormalization: the more contribution
from eg orbitals, the more efficient screening.

Renormalization of the exchange interactionJt2g is
mainly given by

Jt2g.S 11
dmeg

dmt2g
D J. ~7!

The response ofeg statesdmeg
on small fluctuation of spin

magnetization int2g states is governed by intra-atomic
~Hund’s! coupling which is always positive. Thus,Jt2g>J.

Generally, theeg screening is less efficient when theeg
states are either nearly empty or occupied, while it is en-
hanced at the half-filling case~Fig. 2!. At the beginning of
perovskite seriesM5Ti–Cr, Ut2g

decreases slowly with in-
creasing atomic number due to the systematical shift of the
M (3d) states to a lower energy region and partial population
of the eg states which screen thet2g electrons more effi-
ciently. Because of admixture into the O(2p) band, theeg
population is typically 0.9, 1.0, and 1.1 for Ti, V, and Cr
based compounds, respectively. Partial occupation ofeg
band in LaMnO3 significantly increaseseg population
(neg;2.1! and drastically reducesUt2g

up to 1.6 eV. Subse-

quent population increase ofeg band in LaFeO3 (neg;3.0!
leads to somewhat poorer screening in comparison with the
Mn case. The behavior of paramagnetic Co, Ni, and Cu per-
ovskites having a fully occupiedt2g

6 shell can be well under-
stood again in terms ofeg band filling. For LaCoO3 the
situation is close to Ti, V, and Cr compounds with the un-
filled eg band except that in LaCoO3 the emptyeg orbitals
are located just above the Fermi level and screen thet2g
electrons more efficiently. In LaNiO3 partial filling of the
eg band (neg;2.4! reduces the effective electron-electron

interaction betweent2g electrons. The LaCuO3 corresponds
to the nearly occupied case (neg;3.3! and theeg screening
becomes again less efficient.

FIG. 1. Parameters of the electron-electron interaction for
LaMO3 calculated assuming trivalent (M31) and divalent (M21)
configurations for transition-metal ions as well treating onlyt2g
states as localized.
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B. LDA1U and electronic structures of LaMO3 perovskites

Having estimated parameters of the effective electron-
electron interaction for thet2g states we try to include them
into the scheme for the band-structure calculations in the
spirit of the LDA1U method. Strictly speaking distortions
of the crystalline structure will lead to some mixing between
3d states oft2g andeg symmetries introducing some ambi-
guity in the choice of appropriate basis for localized states in
the LDA1U2 approach. We have performed two types of
calculations for the LaMO3 compounds withM5Ti–Fe
crystallizing in the orthorhombic structure, where the crystal
distortions are known to be much stronger than those in the
rhombohedral one withM5Co,Ni, using slightly different
orientations for the local coordinate system to estimate the
local occupation numbers and to calculate corrections for the
one electron potential@Eq. ~4!#. In the first case, the orienta-
tion of the local system is chosen to be the same as that in
the undistorted structure: 1/A2(1,61,0) and (0,0,1) with ref-
erence to thea, b, andc directions in the orthorhombic cell.
As another possibility we consider the local axis oriented to
the nearest oxygen sites and somewhat tilted with respect to
the previous choice. We have neglected small nonorthogo-
nality in the latter local coordinate system. We have found
that the results are very similar in both cases but the former
choice, which we will consider in the following, gives sys-
tematically slightly lower estimations for the total energy.

Before showing results of LDA1U2 calculations for early
transition-metal perovskitesM5Ti,V we would like to dis-
cuss briefly the qualitative aspect of the problem. The under-

lying physics responsible for the insulating behavior of con-
sidered compounds is based on the orbital instability effect39

in the narrowt2g band which appears at the Fermi energy in
LSDA calculations~Fig. 3!. In this respect the situation is
very similar to FeO and CoO rock-salt oxides.40 The band-
width W is of the same order of magnitude as the effective
Coulomb interaction betweent2g electrons with the same
spinUeff : W (Ueff! is 2.0~2.3! and 1.5~1.9! eV for Ti and V
case, respectively. In a quantitative form the orbital instabil-
ity criterion can be expressed asN(EF)Ueff.1, where
N(EF) is the density of states per spin and per orbital at the
Fermi level. For real perovskites the situation is more com-
plicated because the crystal distortions partially split the de-
generatet2g orbitals and this criterion becomes approximate.
Nevertheless, such a splitting may be neglected in compari-
son with thet2g bandwidth and the strength of the effective
Coulomb interaction. Simple estimations giveN(EF)Ueff
51.1 and 2.5 for Ti and V, respectively. Thus, thet2g band
will split by the on-site Coulomb interaction producing the
insulating state in the early LaMO3 perovskites.

Indeed, within the LDA1U2 method both LaTiO3 and
LaVO3 exhibit an insulating behavior. Thet2g states form
three narrow bands aroundEF ~Fig. 3!: the lower Hubbard
~LHB! and two upper Hubbard~UHB! bands corresponding
to different projections of spins. The second UHB overlaps

FIG. 2. Correlations between the strength of effective Coulomb
interaction among t2g electrons with the same spinUeff

5Ut2g
2Jt2g and theeg population (neg) atM site in LaMO3 per-

ovskites~Ref. 38!.
FIG. 3. Density of states for LaMO3 perovskites with

M5Ti–Fe obtained in LDA1U1 ~right panel! and LDA1U2 ~left
panel! approaches. Dotted line corresponds to the LSDA. Position
of the Fermi level is shown by vertical dashed line. The LDA1
U2 and LSDA curves were joined by the common O(2p) band.
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with the eg band, which starts around 1.5 eV. The energy
separation between O(2p) and the first UHB~charge transfer
gap! is 4.5 and 3.5 eV for Ti and V perovskites, in good
agreement with experimental optical data~4.5 and 4.0 eV,
respectively41!. Also the distance between O(2p) and LHB
~about 3 and 2 eV for Ti and V perovskites! is in good
agreement with photoemission measurements.12,31,42 The
fundamental~minimum! and direct gaps are shown in Table
II. For LaVO3 agreement with experiment is fairly good,
whereas for LaTiO3 we failed to reproduce a sharp gap nar-
rowing observed experimentally41 ~see also Ref. 42! which is
attributed to many-electron effects in the unfilledt2g band
when Ueff;W ~Ref. 12! and essentially beyond the one-
electron description used in the present work~either in
LSDA or LDA1U form!. Nevertheless, we believe that
LDA1U2 scheme could be a good starting point for many-
body applications in early transition-metal perovskites. On
the contrary, LDA1U1 considerably overestimates the split-
ting of t2g states and the electronic structures of LaTiO3 and
LaVO3 perovskites obtained in the scope of this scheme are
rather far from realistic pictures: the band gap is much larger
in comparison with the experimental one~Table II! and the
relative position of O(2p) and t2g bands differs drastically
from the one obtained in optical and photoemission measure-
ments: for LaTiO3 , although LDA1U1 reduces the band
gap between the LHB and O(2p) to a small value of;0.5
eV, it formally describes this compound still as a Mott-
Hubbard insulator, whereas for LaVO3 the occupiedt2g
states fall into the O(2p) band, making the band gap of the
charge-transfer type~Fig. 3!.

For LaMO3 perovskites withM5Cr-Fe, even the stan-
dard LSDA reproduces the insulating state if the lattice dis-
tortions are taken into account properly. In the LDA1U2
approach theM (3d) states oft2g symmetry split additionally
by roughlyUeff . In LaCrO3 case withUeff51.7 eV the effect
is the most pronounced and considerably increases the en-
ergy gap formed byt2g andeg states with the same projec-
tion of spin~Fig. 3!. ForM5Mn due to very efficient screen-
ing by eg states Ueff;0 introducing almost negligible
changes in the LDA1U2 band structure in comparison with
pure LSDA~Fig. 3!. A similar situation occurs in LaNiO3 .
The LSDA estimation for the transport gap in LaMnO3
(;0.2 eV! is in very good agreement with resistivity mea-
surements@0.24 eV~Ref. 3!#, whereas the direct gap (;0.7
eV! between occupied and empty states in the same points of

Brillouin zone ~BZ! is underestimated in comparison with
optical @1.1 eV ~Ref. 41!# and photoemission@1.7 eV ~Ref.
34!# data. In LaFeO3 theUeff shifts t2g↓ to the higher-energy
region increasing theeg↑2t2g↓ separation~Fig. 3!, but this
effect is too small to reproduce the experimental energy gap
~Table II!. For paramagnetic rhombohedral LaCoO3 ~ionic
configurationt2g

6 eg
0) theUeff pushes the occupiedt2g states to

the lower energy region increasing separation between the
t2g andeg bands which is sufficient to open a small energy
gap~Fig. 4!. The band-gap size estimated in LDA1U2 as 0.2
eV is in good agreement with the experimental optical@0.2
eV ~Ref. 41!# and resistivity@0.1 eV ~Ref. 43!# data and
somewhat smaller in comparison with photoemission
measurements@0.6 eV ~Ref. 35!#. In the least distorted
LaCuO3, the Cu(t2g) states overlap with O(2p) band and
appreciably interact with the latter states.Uef f leads to some
redistribution of the density of states within O(2p) band
with small influence on the behavior of LaCuO3 in compari-
son with pure LSDA.

TABLE II. Energy band gaps~eV!: fundamental~FG! and direct gaps~DG! in LSDA and LDA1U
approaches and the experimental optical gap.

LaTiO3 LaVO3 LaCrO3 LaMnO3 LaFeO3 LaCoO3

FG ~LSDA! 0.6 0.1 0.1
FG ~LDA1U1) 3.3 3.0 3.0 0.9 1.8 1.2
FG ~LDA1U2) 0.5 0.7 1.2 0.2 0.2 0.2

DG ~LSDA! 0.6 0.7 0.1 0.1
DG ~LDA1U1) 3.5 3.2 3.0 1.4 1.8 1.2
DG ~LDA1U2) 0.8 0.9 1.2 0.7 0.2 0.2

Optical gap~Ref. 41! 0.1 1.1 3.4 1.1 2.1 0.3

FIG. 4. Density of states for LaMO3 perovskites with
M5Co–Cu obtained in LDA1U1 ~right panel! and LDA1U2 ~left
panel! approaches. Dotted line corresponds to the LSDA. Position
of the Fermi level is shown by vertical dashed line. The LDA1
U1 result for LaNiO3 corresponds to the antiferromagnetic configu-
ration.
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LDA1U1 increases the band gap for Cr, Mn, and Fe per-
ovskites in better agreement with the experimental optical
photoemission data. We leave these discussions until the next
sections where we will investigate the merits and demerits of
different approaches based on the magnetic properties analy-
sis and direct comparison with experimental optical spectra.

C. Magnetic properties

In Table III we show the~spin! magnetic moments at
transition-metal sites obtained in the LSDA and different
LDA1U approaches and compare them with experimental
data. The LDA1U2 systematically increases the local mo-
ments and yields the magnetic ground state in the LaTiO3
case. Note that all magnetic solutions from ferro- to antifer-
romagneticG type were found to be stable for the early
transition-metal perovskites in the LDA1U2 approach. For
LaCrO3 and LaMnO3 agreement with experiment is remark-
ably good. The spin magnetic moments calculated for
LaTiO3 and LaVO3 are larger than experimental magnetic
moments. This tendency can be seen already in the LSDA for
the LaVO3 perovskite. We believe that the reason for these
discrepancies is an unquenched orbital magnetization which
can reduce the total magnetic moment on the Ti and V sites
in accordance with Hund’s third rule. In the ionic picture
without crystal distortions the orbital magnetization induced
by the spin-orbit interaction on thet2g states is 1mB . The
crystal distortions split the degeneratet2g orbitals and par-
tially quench the orbital moment. Thus, one can expect that
the orbital magnetization will considerably improve the
agreement with experiment for the LaTiO3 and LaVO3 com-
pounds. As another possibility for discrepancies we could
mention the canted magnetic structure which can arise also
as a result of interplay between the crystal distortions and the
spin-orbit interaction. We leave the effects of the spin-orbit
interaction for future investigations. Importance of the spin-
orbit interaction in Ti- and V-based perovskites has been also
shown in Ref. 29 by using the periodical Anderson model.
Calculated magnetic moments for LaFeO3 are strongly un-
derestimated in comparison with experimental ones. Even
the LDA1U1 scheme where all 3d states were supposed to
be localized and feel a large Coulomb interaction gives only
4.04mB for the local spin magnetization at the Fe site. The
orbital magnetization is expected to be small for Fe atoms,
which in this compound have an ionic configurationd5, and
cannot explain disagreement with experimental data. Indeed,
the orbital magnetization estimated in LSDA for LaFeO3 is
only 0.05mB per Fe site. For Ti-Mn compounds LDA1U1
systematically overestimates the magnetic moments. Even if
the discrepancies in Ti and V cases could be explained again
by taking into consideration the orbital magnetization, this

effect is expected to be very small for Cr- and Mn-based
compounds having completely occupiedt2g

↑ shell well sepa-
rated from the states ofeg symmetry, because the energy
separation considerably exceeds the strength of the spin-orbit
interaction. The typical value of the orbital magnetization
estimated for LaCrO3 in LSDA is 20.05mB per Cr atom and
the effect is even smaller for LaMnO3. U additionally splits
occupiedt2g

↑ and emptyeg states and cannot increase the
orbital moment in the LaCrO3 case.

The magnetic behavior of the LaMnO3 perovskite is par-
ticularly interesting, because in thiseg

1 system Jahn-Teller
~JT! distortion is accompanied by the antiferromagnetic
(A-type! spin and orbital ordering~alternately occupied
3x22r 2 and 3y22r 2 orbitals in theab plane!. Using the
Green’s-function technique, we have calculated parameters
of the interatomic~Heisenberg’s! exchange interaction47

Jij5
2

p
ImE

2`

EF
dETrL$Gij

↑~E!DVjGji
↓~E!DVi% ~8!

for LaMnO3 in LSDA and different LDA1U approaches.
Gij
↑,↓ in Eq. ~8! is a block of real-space Green’s function with

the site indicesij ; DVi5Vi
↑2Vi

↓ , which can also depend on
orbital indices due to the population imbalance in LDA1U
or due to the effects of nonsphericity in the exchange poten-
tial in LSDA, TrL runs over the orbital indices. The first and
second neighbor interaction parameters are listed in Table
IV. LSDA and LDA1U2 give very similar results for
LaMnO3 and we refer only to the former case. One can see
that the behavior oft2g and eg contributions to the first
neighbor exchanges is very different: theeg2eg interaction

TABLE III. The local ~spin! magnetic moments at the transition-metal sites~in mB). Two values for LaVO3 correspond to nonequivalent
V sites in theC-type antiferromagnetic state.

LaTiO3 LaVO3 LaCrO3 LaMnO3 LaFeO3

LSDA 1.85, 1.90 2.86 3.71 3.60
LDA1U1 1.02 2.00, 2.00 3.18 4.20 4.04
LDA1U2 0.92 1.98, 1.98 2.99 3.72 3.67
Experiment 0.4560.05 ~Ref. 10! 1.360.1 ~Ref. 44! 2.860.2 ~Ref. 45! 3.760.1 ~Ref. 46! 4.660.2 ~Ref. 45!

TABLE IV. Parameters of interatomic exchange interactions be-
tween first (J1) and second (J2) Mn neighbors in LaMnO3 calcu-
lated in LSDA and LDA1U1 approaches~in kelvins!. Two different
values forJ2 correspond to nonequivalent pairs of second neighbors
in the distorted orthorhombic structure.

LSDA LDA1U1

ab plane
Jab
1 ~total! 106 321
Jab
1 (t2g only! -107 -27
Jab
1 (eg only! 261 350
Jab
2 ~total! -10,-27 1,0

interplane
Jc
1 ~total! 36 269
Jc
1 (t2g only! -247 -66
Jc
1 (eg only! 271 310
Jc
2 ~total! -33,-40 -19,-21
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acts in favor of ferromagnetic arrangement between nearest
Mn sites~both in and betweenab planes!, whereast2g2t2g
exchange is essentially antiferromagnetic. In LSDA, the first
neighbor interlayert2g2t2g and eg2eg interactions are of
the same order of magnitude. Note that due to the tilted
structure, a small mixed typet2g2eg exchange also exists.
The delicate balance between these two interactions depends
on the strength of JT distortion and tilt of MnO6 octahedra.

48

With the experimental crystal structure we foundJc
1 to be

weakly ferromagnetic and comparable with antiferromag-
netic second neighbors exchangeJc

2 . Taking into account the
coordination numbers, we have 2Jc

118Jc
2.2220 K. Thus,

the LSDA could explain theA-type antiferromagnetism of
LaMnO3 associated with the JT distortion. Indeed, the
total energy analysis7–9 shows that the lowest energy in
LaMnO3 corresponds to the antiferromagneticA-type ar-
rangement. For weakly hybridizedt2g states, a larger spin
splitting corresponds to a smaller interatomic exchange. In
the LDA1U1 approach, where the energy separation be-
tween spin up and spin downt2g states is governed by large
U ~two peaks around26.5 and 5 eV in Fig. 3!, correspond-
ing ~antiferromagnetic! contributions to the first neighbor ex-
change are considerably reduced. The behavior of ferromag-
netic eg type exchange interactions is just the opposite: the
potential termDViDVj in Eq. ~8! is considerably larger in the
LDA1U1 approach, whereas the electronic structure factor
related with the energy redistribution ofeg states is not di-
rectly affected byU due to the strong hybridization between
M (eg) and O(2p) states. Thus, LDA1U1 overestimates the
tendency toward ferromagnetism for the LaMnO3 com-
pound.

A gradual temperature-dependent transition between low-
and high-spin states in LaCoO3 was traditionally explained
in the ionic picture, where the crystal field splitting between
t2g and eg states is comparable with Hund’s coupling.36

LSDA, which shows a first-order transition between para-
and ferromagnetic states in LaCoO3 as a function of
volume,49 provides another point of view for this problem.
This behavior is directly related with the shape of the density
of states in this compound displaying a hight2g peak and a
broadeg band nearEF in the paramagnetic phase~Fig. 4!.
Then, a magnetic solution becomes stable if

I
2N↑~EF!N↓~EF!

N↑~EF!1N↓~EF!
.1, ~9!

whereI is Stoner’s parameter, which can be calculated in the
scope of LSDA,50 andN↑,↓(EF) is the density of states at the
Fermi level split by a given initial magnetic field. When the
splitting is vanishingN↑(EF)5N↓(EF)5N(EF), Eq. ~9! is
reduced to the standard Stoner criterionIN(EF).1 which is
not fulfilled in LaCoO3 having low density of states at the
Fermi level in the paramagnetic phase. Thus, for a nearby
experimental volume, the nonmagnetic solution is stable for
LaCoO3. If a field is strong enough, the conditions
N↑(EF).Neg

↑ (EF) andN
↓(EF).Nt2g

↓ (EF) will be satisfied.

Then, sinceNt2g
↓ (EF)@Neg

↑ (EF), Eq. ~9! is reduced to

2INeg
↑ (EF).1, which is the criterion for the high-spin solu-

tion in LSDA. For example, for the experimental volume this
solution was found to be also stable with the spin magneti-

zation of 1.3mB per formula unit. The energy difference be-
tween these two states is very small in LSDA being compa-
rable with kT. This feature could explain the temperature-
dependent low-spin to high-spin transition in LaCoO3. Two
stable solutions for LaCoO3 have been found also in the
LDA1U1 scheme: paramagnetic insulator having a configu-
ration t2g

6 and ferromagnetic half-metal having at2g
5 configu-

ration with spin magnetization of 2mb per formula unit. Nev-
ertheless, the difference between these low-spin and high-
spin solutions seems to be very overestimated: almost two
orders of magnitude higher thankT.51 In comparison with
pure LSDA and the more traditional LDA1U1 , our LDA1
U2 approach provides an additional degree of freedom to
explain the magnetic behavior of LaCoO3, because in this
compound magnetism is directly related with redistribution
betweent2g andeg populations. The strength ofeg screening
is expected to be very different for differentt2g configura-
tions~and therefore for different magnetic states!. Indeed, the
Coulomb interaction parameterUeff estimated fort2g

6 , t2g
5 ,

and t2g
4 configurations in LaCoO3 is 0.8, 0.3, and 1.0 eV,

respectively, again reflecting the degree of the filling ofeg
states~nearly unoccupied, half-occupied, and completely oc-
cupiedeg shell!. Thus, thet2g

5 case is simply very close to
the standard LSDA high-spin solution~also havingt2g

5 con-
figuration!. Here, we just wanted to illustrate some features
of LDA1U2 description of magnetic behavior of LaCoO3
and leave more detailed analysis of this problem in future
publications.

LaNiO3 and LaCuO3 show nonmagnetic behavior both in
LSDA and LDA1U2 . On the contrary, both ferromagnetic
and antiferromagnetic solutions with the spin moment
;1.1mB per M site have been found for LaNiO3 in the
LDA1U1 approach, which due to the strong Coulomb cor-
relations in unfilledeg band overestimates the tendencies to-
ward magnetism in this compound. Nevertheless, even in
this approach LaNiO3 remains metallic:EF is located at the
top of O(2p) band and no band gap has been found~Fig. 4!.
Tetragonal LaCuO3 is also metallic and shows a weak mag-
netism in the LDA1U1: the magnetic moment at Cu site
varies from 0.01mb in ferromagnetic to 0.03mb in the anti-
ferromagneticG-type configurations.52 Finally, our results
~both LSDA, LDA1U1 , and LDA1U2) qualitatively agree
with experimentally observed electric and magnetic proper-
ties of LaCuO3 reported in Ref. 30: metallic behavior and
possibly weak magnetism in the largeU scheme. Neverthe-
less, our calculations do not support the point of view about
the canted antiferromagnetic structure with large local mag-
netic moments at Cu sites proposed in Ref. 30. Evidently,
more experimental information is needed to understand the
behavior of LaCuO3 compound.

D. Optical conductivity

In order to compare the band structures of the LaMO3
perovskites obtained by different methods directly with ex-
perimental optical data we show in Fig. 5 the optical conduc-
tivity curves s̄(v)5 1

3(a51
3 saa(v), wheresab is the con-

ductivity tensor which generally includes two parts
corresponding to interband and intraband transitionssab

5sab
inter1sab

intra ~in Rydberg units!:
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sab
inter~v!5

1

p2 (
l Þl 8

E d3k f l k~12 f l 8k!^l kupaul 8k&

3^l 8kupbul k&
d~v2El 8k1El k!

El 8k2El k
~10!

and

sab
intra~v!5

1

p2 d~v!(
l

E d3k^l kupaul k&

3^l kupbul k&d~El k2EF! ~11!

calculated in the random-phase approximation on the base of
LMTO method.53 f l k is the zero-temperature Fermi distribu-
tion function for the stateul k&, pa is the momentum opera-
tor pa52 i¹a , and the spin state index is included in the
band indexl . The BZ integration has been performed in the
uniform grid containing 2475k points in the whole zone for
perovskites with the orthorhombic structure ofM5Ti–Fe
~corresponding to 14 divisions along in-plane and 10 divi-
sions along the perpendicular reciprocal-lattice vectors! and
3375 k points for the rhombohedral-phase compounds of
M5Co,Ni ~14 divisions along the reciprocal-lattice vectors!.
6859k points in the whole BZ~18 divisions along the recip-
rocal vectors! have been used for the tetragonal LaCuO3.
The intraband conductivity@Eq. ~11!# has been calculated
with the standard tetrahedron technique with correct weights
for the tetrahedra. Using the method proposed in Ref. 54, the
BZ integration in @Eq. ~10!# has been replaced by the
weighted sums in the analogy of the special-point scheme

which considerably facilitates numerical calculations. Fi-
nally, we replaced thed function in the BZ integral in Eq.
~10! by Lorentzian:d(v)→t/@p(11v2t2)# with the life-
time broadeningt2155 mRy. The local field effects have
been omitted.

For all compounds the LDA1U2 approach well repro-
duces the main features of the optical spectra41 in the low
energy region. For LaTiO3 and LaVO3 the optical conduc-
tivity curves show a weak structure up to 4 eV corresponding
to excitations from thet2g LHB. Experimentally, this part of
the spectra is more pronounced. We would like to comment
here again that the spin-orbit interaction could significantly
change the contents of the LHB and UHB~in favor of com-
plex rather than real harmonics! and modify corresponding
probabilities of optical transitions in Ti- and V-based com-
pounds. The onset of the high intensity structure starting
around 4 eV is formed mainly by transitions from the O
(2p) band to thet2g UHB. In the higher energy region
~around 5 eV! this structure is considerably enhanced by the
O(2p) to eg excitations. The interband conductivity obtained
in LSDA is very similar to that in the LDA1U2 approach,
because the probabilities of the optical transitions associated
with M (t2g) states are relatively small and the optical con-
ductivity curve is rather insensitive to the position of the
t2g band. An intraband~Drude! peak appears in the optical
conductivity curves in LSDA for early transition-metal per-
ovskitesM5Ti,V in obvious disagreement with experimen-
tal data. On the contrary, the LDA1U1 scheme overesti-
mates the band gap and in principle fails to reproduce the
low intensity part of the spectra, spreading up to 4 eV.

For LaCrO3 the low energy excitation~around 2.5 eV! in
LDA1U2 corresponds to the transition between occupied
t2g and unoccupiedeg bands~Fig. 3!. The probability of this
transition is much weaker than that of the next excitation
from O(2p) to eg band ~around 4 eV!. It could be related
with the low energy tail which is observed experimentally
around 2.5 eV but disregarded in Ref. 41 due to its very low
intensity. It could be also the reason for overestimation of the
experimental optical gap in comparison with results of our
LDA1U2 calculations~Table II!, because the optical gap
was assumed in Ref. 41 as a charge-transfer gap between O
(2p) andeg bands. In the LDA1U1 approach the occupied
t2g states in LaCrO3 appear at the bottom of the O(2p) band
~Fig. 3! making the insulating nature of LaCrO3 in LDA1
U1 of the charge transfer rather than Mott-Hubbard type. On
the other hand, the energy separation between O(2p) and
unoccupiedeg bands (;3 eV! is nearly the same in LSDA,
LDA1U1 , and LDA1U2 schemes. Thus, except the low
intensity part around 2.5 eV, the optical spectra correspond-
ing to these different methods are very similar and an analy-
sis based only on optical data is not sufficient to distinguish
between them. On the other hand, the x-ray photoemission
spectra for LaCrO3 ~see Ref. 31 and references therein!
show three-peak structure very similar to Ti and V perovs-
kites. Thus, the low binding energy peak (;1.5 eV! can be
identified with Cr(t2g) states in favor of the Mott-Hubbard
picture for the LaCrO3 insulator.

31 This experimental fact is
in line with LDA1U2 rather than the LDA1U1 approach.
Moreover, the relative position of occupied Cr(t2g) and
O(2p) bands obtained by LDA1U2 fits well to the shape of
the x-ray photoemission spectra.

FIG. 5. Spectra of optical conductivity for LaMO3 perovskites:
LDA1U applied only fort2g and for all 3d states~solid and dotted
curves, respectively!, LSDA ~dot-dashed!, experiment by Arima
et al. ~dashed!. The LDA1U1 result for LaNiO3 corresponds to the
antiferromagnetic configuration.
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The minimum optical gap in LaMnO3 is formed byeg
states split due to the JT distortion. The splitting is somewhat
underestimated in LDA1U2 . One of the reasons for this
discrepancy could be an uncertainty introduced by the
atomic-sphere approximation~ASA!: although the ASA re-
produces the insulating behavior of LaMnO3 caused by the
JT distortion, the spliteg bands are appreciably broadened in
comparison with more precise FLAPW calculations.7 The
LDA1U1 provides quite a reasonable description for the low
energy part~up to 3 eV! of the optical spectra in the
LaMnO3 case as an excitation from O(2p) to an unoccupied
band formed by alternatingx22z2 and y22z2 orbitals
~around 2 eV in Fig. 3!, but the next excitation in this picture
appears only around 6 eV being rather far from the experi-
mental finding.

Serious discrepancies between theoretical and experimen-
tal data were found for the LaFeO3 where the low energy
part of the optical conductivity curve reveals two peaks in
LDA1U2: the low intensity one around 1 eV corresponding
to excitations fromeg to t2g band and the higher intensity
peak corresponding to transitions between occupied and un-
occupiedeg bands~located at21.0 and 2.5 eV in Fig. 3! in
qualitative agreement with experimental data. Nevertheless,
in the experimental curve these two peaks are almost rigidly
shifted to the higher energy region by;2 eV. Thus, a poten-
tial correction acting simultaneously ont2g andeg states and
additionally splitting the occupied and empty states is re-
quired for this compound. This is in line with calculations of
the photoemission spectra for the LaFeO3,

8 where the rigid
shift of the same magnitude was needed for the occupied
states in order to fit experimental and theoretical~LSDA!
curves. In LDA1U1 , the Fe(3d) states with different spins
are split byU14J.11 eV and form very narrow bands
located below and above the O(2p) band~Fig. 3!. The first
excitation in this picture corresponds to a transition from the
O(2p) to the upper Fe(3d) band separated by the charge-
transfer gap;1.8 eV which is in good agreement with ex-
perimental estimations. Nevertheless, the shape of the optical
conductivity curve obtained in this approach is rather far
from the experimental one~Fig. 5!. We have also performed
a series of LDA1U1 calculations varyingU as a parameter
in order to find an optimal value with which the theoretical
spectrum would fit the experimental one for LaFeO3. Sur-
prisingly, however, the LDA1U1 approach, where without
hybridization the correction simply has a form of rigid~con-
stant! shift for all 3d states, failed to reproduce a rigid shift
of t2g andeg bands on optical spectra. Actually, the strong
s-type hybridization betweeneg and O(2p) states makes the
eg band less sensitive to the strength of the on-site Coulomb
interaction in comparison with thet2g one.

For LaCoO3 the experimental optical spectra show three
peaks located around 1, 3, and 6 eV, respectively, in reason-
able agreement with our finding. It is closely related with the
density of occupied states for this compound~Fig. 4!, which
exhibits three main structures corresponding to the Co(t2g)
band and broad O(2p) band split by the hybridization effects
into the bonding and antibonding parts. All three structures
appear in the optical conductivity curve through the excita-
tions into theeg band. In the LDA1U1 approach, Co(t2g)
states are shifted to the bottom of the O(2p) band by large

U ~Fig. 4! resulting in very poor description of the low en-
ergy part of the optical spectra.

In accordance with optical measurements,41 LaNiO3 and
LaCuO3 show metallic behavior, but their spectra largely
deviate from the simple Drude form. Both LSDA and LDA1
U2 reproduce well experimental spectra for these compounds
except the high intensity Drude peak found theoretically. For
LaCuO3 LDA1U1 gives very similar results. In this com-
pound M (3d) states are ‘‘dissolved’’ in the O(2p) band
~Fig. 4! and optical conductivity is very insensitive to ‘‘ex-
act’’ position of their center. Both for LaNiO3 and
LaCuO3, LDA1U1 also displays the high intensity Drude
peak.

At the present stage, the origin of the high intensity peak
observed in the experimental optical spectra around 10 eV is
not clear. Position and intensity of this peak are almost the
same for all LaMO3 compounds. This peak can be hardly
identified with excitations to La 4f states~which were not
included in the valence basis in the present consideration!
because absolutely the same structure has been observed for
Y-based perovskites YMO3.

41

IV. SUMMARY AND CONCLUSIONS

We have applied the LDA1U approach for the transition-
metal perovskites LaMO3 with M5Ti–Ni assuming two dif-
ferent models for localization of 3d electrons at transition-
metal sites.

~i! All 3 d electrons are localized and experience large
on-site Coulomb interaction correction.

~ii ! Only 3d states oft2g character are supposed to be
localized, whereas those ofeg character, strongly interacting
with 2p states of nearest oxygens and forming broads
bands, are treated as itinerant in the scope of the standard
LSDA approach and allowed to participate in renormaliza-
tion of the on-site Coulomb interaction betweent2g elec-
trons.

The first scheme predicts the insulating behavior for
Ti-Co perovskites. However, regarding magnetic and optical
properties, the effect of the Coulomb interaction is strongly
overestimated. Moreover, the insulating behavior of LaVO3
and LaCrO3 in this approach corresponds to the charge-
transfer rather than Mott-Hubbard picture in clear contradic-
tion with photoemission data.

The second scheme provides more appropriate description
for most of LaMO3.

~i! Predicting insulating behavior for LaTiO3 and
LaVO3 with a small~Mott-Hubbard! gap formed by thet2g
states. The strength of the effective Coulomb interaction be-
tween t2g electrons is comparable with thet2g bandwidth
(Ueff;W). This feature may be responsible for a variety of
many-electron phenomena observed in these compounds.12

Contrary to the pure LSDA picture, magnetism of LaTiO3
naturally appears in this approach.

~ii ! Considerably increasing the band gap of LaCrO3 in
comparison with the pure LSDA results and in good agree-
ment with experimental data.

~iii ! Opening a small energy band gap betweent2g and
eg bands in paramagnetic rhombohedral LaCoO3.

~iv! Introducing almost negligible effects in the LSDA
band structures for LaMnO3 and LaNiO3 which are charac-
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terized by minimum effective Coulomb interaction param-
eters fort2g states. This is in line with the recently proposed
band ~rather than strongly correlated! picture for the
transition-metal perovskites7–9 where applications of the
LSDA were the most successful to explain the behaviors of
the Mn- and Ni-based compounds.

The behavior of LaFeO3 is still unclear. If discrepancies
between theoretical and experimental data in the magnitude
of the local magnetic moments can be attributed to experi-
mental uncertainties,7 the problem with almost rigid shift
(;2 eV! between higher occupied and lower unoccupied
states required in the band picture to reproduce experimental
excitation spectra remains unsolved. A proper account of the
correlation effects is needed. We believe that the band struc-
ture obtained in the LDA1U2 approach applied to thet2g
states could be a good starting point for the many-body per-
turbation technique for the perovskite transition-metal ox-
ides.
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APPENDIX A: RENORMALIZATION OF COULOMB AND
EXCHANGE INTEGRALS BY eg ELECTRONS

Let us consider the system containing two types of elec-
trons ~sayd and s). We assume the following parametriza-
tion for d-type single-particle energies in terms ofd and s
populations (n andns , respectively!:

«↑5const1U0n↓1~U02J0!n↑1Uds
0 ns ~A1!

which corresponds to the HF approximation and is widely
used to extract parameters of effective electron-electron in-
teraction in the constrained-LSDA approach.23,32,33U0 and
J0 are unrenormalized~bare! Coulomb and exchange among
d electrons,Uds

0 is the Coulombds interaction parameter
~we do not consider theds exchange, thus neglecting the
renormalization effects forJ0). We also neglect nonspheric-
ity of d shell and suppose thatU0 andJ0 do not depend on

orbital indices. Then, we suppose thatd states themselves
can be divided into two groups liket2g and eg :
n5nt2g1neg. The reason for such a separation could be an
external factor like very different hybridization effects in-
volving t2g andeg orbitals. In order to find parameters of the
effective interaction fort2g states (Ut2g

andJt2g) we use the

standard procedure and fit«↑ to an expression given by

«↑5const1Ut2g
nt2g
↓ 1~Ut2g

2Jt2g!nt2g
↑ . ~A2!

Then, Ut2g
and Jt2g can be found asd«↑/dnt2g

↓ and

d(«↑2«↓)/dnt2g
↓ , respectively. Using~12!, Ut2g

can be ex-

pressed through basicU0, J0, andUds
0 parameters as

Ut2g
5U0S 11

dneg
dnt2g
↓ D 1Uds

0 dns
dnt2g
↓ 2J0

dneg
↑

dnt2g
↓ . ~A3!

All fluctuations are required to obey the total charge con-
servation conditionnt2g1neg1ns5const. Thus, forUt2g

we
have

Ut2g
5US 11

dneg
dnt2g
↓ D 2J0

dneg
↑

dnt2g
↓ ~A4!

whereU5U02Uds
0 is the Coulombdd interaction screened

by s electrons. The factor 11dneg /dnt2g
↓ describes further

renormalization ofU by eg electrons. NormallyJ;0.1U and
the second term in Eq.~A4! can be dropped. Similar calcu-
lations performed forJt2g give

Jt2g5J0S 12
dmeg

dnt2g
↓ D , ~A5!

where the spin magnetizationmeg
5neg

↑ 2neg
↓ .

Assuming a rigid band model for charge and spin fluctua-
tions near the paramagnetic state,dmeg

/dnt2g50 and

dneg /dmt2g
50. Thus, we have finally

Ut2g
.US 11

dneg
dnt2g

D ~A6!

and

Jt2g.J0S 11
dmeg

dmt2g
D . ~A7!
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