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t,q versus all 3d localization in LaM O 3 perovskites (M =Ti—Cu): First-principles study
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Using the LDA+U method(where LDA is local-density approximatipmve show that a separate treatment
of t,; and e, electrons on transition-metal sites as localized and itinerant, respectively, gives an appropriate
description for the band structure of MaD 5 perovskites 1 =Ti—Cu) and systematically improves results of
the local-spin-density approximatighSDA) 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 tgy electrons and a role @&, screening are discussed. The
present approach accounts well for the insulating natures of LATIQVO3;, and LaCoQ, for which the
LSDA predicts metallic states. Changes of the LSDA band structure for Lajvar@ LaNiO; are almost
negligible due to the very efficient screening of on-gitginteractions byey electrons.

[. INTRODUCTION M =Co was not reproduced by LSDADetails of the crystal
structure distortions play a crucial role in reproducing the
Transition-metal perovskiteAMO3 (A being the triva- stable magnetic structure and the insulating state in this band
lent metal ion andVl being the 38l transition metdlpresent a  picture. Nevertheless, many problems still remain unsolved
very interesting group of materials being possessed of am the standard LSDA technique. We just refer to some of
extremely rich variety of properties accompanying the metalthem for LavlO; compounds. The LSDA fails to reproduce
insulator transition which can be rather easily switched inthe insulating behavior for early transition-metal perovskites
both directions either by external factors such as temperd-aTiO; and LaVO; and systematically underestimate the
ture, magnetic field, or hydrostatic pressure or by dopingenergy band gap for other insulating compounds. The LSDA
effects. A renewed interest in these compounds is relatedften underestimates the tendency toward magnetism for
mainly with the discovery of higiT. superconductivity in  LaMOs: calculated magnetic moments tend to be smaller
perovskite cupratesVery recently the La_,D,MnO; ox-  than experimental ones, no magnetic solution has been found
ides withD =Ca, Sr, Ba attracted considerable attention bein the LaTiO; case, again in contradiction with experimental
cause of a huge negative magnetoresistance observed nemtal® Thus, the electron correlations in the M&®; com-
room temperature® and temperature-dependent structuralpounds are very important and should be considered more
phase transition induced by an external magnetic field. rigorously beyond the LSDA. The direct way to do it is to
The electronic structure of transition-metal perovskitesuse the many-body perturbation theories and estimate the
has been studied on the base of two different schemes. Oneégchange-correlation self-energfpr example, in the com-
the configuration interaction approach with model Hamilto-monly usedGW approximation'!) but due to its complexity
nians applied to Anderson impurities and clusft§hese the application of this technique for real perovskite com-
models can be very useful for understanding the underlyingpounds is quite problematic. Only some empirical estima-
physics responsible for phenomena and provide manytions for the self-energy have been done sd%at the same
electron solution of the problem by taking into account thetime, more simplified methods can be used to improve the
multiplet splitting caused by on-site Coulomb and exchangd-SDA. One of them is to start from the uniform electron gas
interactions. At the same time this approach is essentiallyimit for exchange and correlatiorisorresponding to LSDA
restricted by its applicability only to finite-size systems andand to include inhomogeneity effects through the generalized
completely disregards periodicity of correlated sites and disgradient approximatiofGGA).™ As is discussed elsewhere,
persion of the bands in the solid. Also the model approachewe have found that GGA enhances the tendency towards
suffer from quite a large number of adjustable parametersorbital polarization in LavVQ@ and YVOj; causing them to be
Another possibility is to use thab initio band-structure insulating** GGA enhances the crystal field splitting be-
methods based on the local-spin-density approximatioweent,; and ey states of LaCoQ@ making it also nearly
(LSDA). Very recently it has been shown that an applicationinsulating. Nevertheless, the band gap does not open quite
of this approach to sl O 5 perovskites can be quite success-well and moreover GGA improves the LSDA results for
ful in describing their electronic structures f# =Cr—Cu  LaTiO3 only partially*® Another possibility could be to ac-
both for the ground-state and single-electron excited-stateept an oppositéatomig point of view on correlations be-
propertie$™® (note, however, that a small band gap for tween localized electrons and include them in the same form
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as for the free-standing atom through renormalized paranmdouble-counting” termEg. in Eq. (1) serves to remove a
eters of electron-electron interaction which can be estimate@art of the LSDA total energy corresponding to the interac-
in the framework LSDA(LDA +U method®9. In this pa-  tion between localized electrons. In the LBAJ approach,
per we investigate possibilities of the latter approach andhe E, is chosen to be similar to the Hartree-Fock interac-
perspectives of its applicability for the transition-metal per-tion energy(2) but expressed in terms of “spin-density.” Due
ovskites. In Sec. Il we present a brief review of the LBA  to the lack of self-interaction in E2), this correspondence
U formalism stressing the advantages of this description foean be found only in some limiting cases. In the “strongly
localized electrons in comparison with the standard LSDA agocalized” limit where the single-particle populationg, are
well as some limitations peculiar to the method. In Sec. llicjose to 0 or 1, an appropriate expressionEgg is

we discuss results of the LDAU calculations for LM O,

compounds assuming two points of view on localization for 1

3d electrons on theV sites, the standard view and the one Esdn'']= E(U—J){nT(nT—1)+nl(nl—1)} (€
proposed by us: in the former, ald3electrons are supposed

to be localized and influenced by the on-site Coulomb interwhich is used throughout in this work.

action screened by othdénon-3d) electrons; in the latter, In contrast to Eq(2), the E4. depends only on the total
only 3d electrons of the,, character are considered as lo- number of the localized electrons for every spin chamfel
calized whereas they ones are treated as itinerant in the and all information about individual populations is com-
scope of the standard LSDA approach and allowed to participletely lost in the density-functional adapted express@n
pate in the screening of on-sitg, interactions. Such a sepa- The interaction between electrons with different spins
rate treatment of,; andey electrons in transition-metal per- Un'n! can be also formally included in Eq2), but it de-
ovskites has a long history mainly associated with the sopends only on spin-density variables and will be exactly can-
called double-exchange interaction model widely used tceled by the same term appearing in the corresponding
explain the magnetic behavior of Mn-based compotihds double-counting energy. Thus, in the spin-polarized version
without any serious analysis of its consequences on the eleof the LDA+U method the strength of correction required
tronic structure itself. In this paper we investigate the direcffor localized states is defined only by renormalized Coulomb
effects of such a separate treatment on the band structure aimderaction between the localized electrons witle same
show that this is a quite appropriate description for thespin Ugs=U—J.

LaM O4 perovskites. We demonstrate that all the problems of Then, the potential acting on the localized orbitaid)

the LSDA mentioned above could be resolved by the DA can be expressed as

U approach. Particularly, the Ti- and V-based perovskites

exhibit insulating(Mott-Hubbard behavior in this approach V() =V{spa(r) +(3— N7 Ugs. 4
with U z~W (U and W being the effective Coulomb in-
teraction betweer,, electrons and,y bandwidth, respec- There are two factors in favor of the LDAU description

tively) in good agreement with experimental finding, thusfor localized states in comparison with the standard LSPA.
revising the main drawback of the LSDA metallic picture for (i) The discontinuity of one-electron potential for local-
these compounds. In the rhombohedral paramagnetized states known for an exact density functional, which is
LaCoQ;, the correction applied td,, states increases the responsible for population imbalance among orbitals in the
energy separation betweey, andey bands, which is suffi- narrow bands and formation of the Mott-Hubbard gap, is
cient for opening a small band gap. Finally, short conclusiorrestored in the LDA-U approacHEq. (4)].

remarks will be given in Sec. IV. (ii) Calculations of the quasiparticle spectrum for strongly
correlated materials starting from LSDA remain quite a chal-
Il. METHOD lenging problem and require large computational resources

) ) ) o for its rigorous solutiorf® An approximate solution of the
We start with the Spln-polarlzed general|zat|on of theproblem can be done using the LDAJ approach. The ar-
LDA+U method (so called LSDA-U; see, for example, gument is based on Slater's transition state formafém,
Refs. 18 and 20and consider the total energy functional in \which instead of regular LSDA eigenvalues prescribes to use

the form those with half-integer occupations at the middle of corre-
i itatiore | '+1/2n!) (analogous expres-
Tl ol = 1.l Ty - sponding excitatiore| gpa(n' £1/2,n%) g p
Elp" {¢n }1=Eisoalp' 1+ Enel{en 1~ Eadn ]’(1) sion for spin down correspond to the electron affinity and

ionization potential, respectivelyUsing Taylor’'s expansion
whereE, gp, is the LSDA part depending on the componentsnear the ground state configuratiam' (n') and parametriza-
of spin densityp!"! of the whole systenE i is the energy of  tion of &/ g, in terms of Coulomb and exchange interaction
the Hartree-Fock interaction between localized electronparameter$?3U—J= s gpa/dn! (see also the Appendix

with the same spin on the same site we have
E [{ T,l}]_E(U_J) E {nTnT _|_ninl } 2 1 T-q—l ! T T Rt +1
HFL\®Pm - 2 el m' 'm’ m''m SLSDA n _E,n ZSLSDA(n N )_Eueﬁ (5)

in the basiq ¢/:'} corresponding to the diagonal representa-The expression fot-(—) sign corresponds to eigenvalues in
tion for the density matrix. We neglect tme dependence of LDA+U for empty(occupied states if the hybridization ef-
Coulomb ) and exchangel) parameters in Eq2). The fects are neglectefth;,=0 or 1 in Eq.(4)].
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TABLE I. Crystal and magnetic structure for MO perovskitesM,O,R, andT denote the monoclinic,
orthorhombic, rhombohedral, and tetragonal structure, respectikelfC, and G correspond to different
types of antiferromagnetic ordering, aRddenotes paramagnetic states.

LaTiO; LaVO; LaCrO; LaMnO; LaFeO; LaCoO; LaNiO; LaCuG;

Crystal structure (@) M 0] @) (0] R R T
Magnetic structure G C G A G P P P

The main disadvantage of the LDAJ approach is that it screened by itinerargy; ones, which can immediately follow
does not give any nonempirical prescription for the choice ofluctuations oft,, charges.
localized states and their spatial extension. In principle, the All calculations were performed using the ASA-LMTO
last terms in Eqs(4) and (5) are expected to be zero for an method in the nearly orthogonal representafidor experi-
extended state in an infinite system and therefore the normahentally observed crystalline and magnetic structures listed
LSDA solution can be considered as a limiting case ofin Table I, all details of which can be found in Ref. 7 and
LDA+U [in a direct analogy with SIC-LSDAREef. 24]. references therein. The tetragonal structure reported
Nevertheless one can shtfithat any localized solution in recently?® has been used for LaCuO As the basis func-
LDA+U corresponds to a LSDA-constraint approach.tions, M(3d,4sp), La(5pd,6sp), and O(Zp,3s) orbitals
Therefore, its energy will always be higher than that of reguave been used. Thegp6and semicore p states of La were
lar (itinerany LSDA due to the variational principle for the treated in different energy panels: the first panel included
total energy in the LSDA?® Thus, the energy minimization low-lying bands formed mainly by L(ap) and Q2s) states
procedure is not applicable to the search for localized orbitwhereas the basis functions of 8/pe were used on oxygen
als extension in LDA-U. Normally the choice of particular sites in the second panel. Thé dtates of La show another
localized orbitals in LDA-U is based only on physical in- example of the strong intra-atomic Coulomb correlations in
tuition like 3d states in the late transition-metal oxide¥ or  the LaiO; compounds. In accordance with bremsstrahlung
4f in the rare-earth compourfdsand their spatial extension isochromat spectroscopy datahey are located at about 10
is modeled by numerical basis functions in the linear muffin-eV above the Fermi levelHg). The LSDA underestimates
tin orbital method(LMTO).?’ This choice is based on the this energy separatidonly 1.5-4.0 eV wherM varies from
fact that basis functions in the LMTO associated with a giverTi until Cu (Ref. 7] with no evident influence of La(®
site have a definite principal quantum number — angular mostates on magnetic and insulating properliés.the present
mentum QL) character within the atomic sphere at this sitework we do not include the Lafj states in the valence
and rapidly decay in the real spa¢eorresponding to the basis set at all, leaving the effects of localization in tHe 4
form of envelope functiorfd). Moreover, by choosing the shell for future study. Keeping in mind that the ASA is rather
nearly orthogonal LMTO representation the basis can be exa crude approximation for compounds possessing distorted
pressed in the orthogonal form in analogy with the Wanniercrystalline structure we have performed as a test several
functions. LSDA calculations changing the ratios between Wigner-Seitz
(WS) spheres for nonequivalent siteshile the total volume
remains unchanged and equal to the experimental. dre
lll. RESULTS AND DISCUSSIONS WS radii chosen from the charge neutrality condition inside
the spheres give the band structures foMl@; perovskites
E very reasonable agreement with results of more precise
LAPW calculations:® The ASA properly accounts for the
hybridization effects for L& O5 and the choice of the neu-
tral WS spheres minimizes uncertainty in the electrostatic
potential, introduced by ASA.

We have applied the LDAU approach to LEIO; per-
ovskites using two different schemes to include the effects o
localization on theM (3d) states corresponding to two physi-
cally different points of view on localization in thigl (3d)
shell. The first ondLDA +U,) is the standard LDAU al-
gorithm where alM (3d) electrons are supposed to be local-
ized and experience the on-site Coulomb interaction correc-
tion. In the second schenieDA +U,) we assume that only
3d states ot,y symmetry exhibit the tendency toward local- ~ Parameters of the electron-electron interaction for the
ization whereas the, ones can be considered as itinerantLaM O3 perovskites estimated by assuming different models
within the LSDA scheme. In the perovskite structure, thefor localization of theM (3d) electrons are shown in Fig. 1.
t,y and e; bandwidths are determined mainly by- and  These calculations have been performed in a supercell geom-
o-type hybridization with O(P) states(in this respect the etry in order to simulate the impurity site which can ex-
situation is different from the rock-salt oxides, where also thechange electrons but cannot hybridize with the rest of the
direct interaction between nearest transition-metal sites alongystem. The idealcubic) perovskite structure is assumed.
the cube-face diagonal gives an appreciable effect on th€he Coulomb interaction parameteusfor two charge states
t,y bandwidths and is responsible for the mixing between(2+ and 3+) of transition metal ions can be calculated
t,; and e, band$®). Typically, the magnitude of the using the standard LSDA-constraint technigéié?** For
(dpm)-transfer integral is almost half of thelpo) one?®  M?2* jons results are very close to analogous estimations
This difference naturally causes us to trégtandey elec-  performed for rock-salt transition-metal oxid€sIn the
trons separately: localized and much slowgrelectrons are M3* case the strength of the Coulomb interaction is signifi-

A. Parameters of Coulomb and exchange interaction
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. ; ; ; ; ; If the t,4 population is increased only at the expenseepf
electrons(and vice versp 5neg= - 5ntzg and Up,,= 0.
10 - 1 Qualitatively, the reason for efficiency of tieg screening
is very simple. The renormalization of the Coulomb param-
UM®) eter by other interactions has a fotth=U°— U2, where
U° is a bare interaction between localized electrons and
U2, 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 stégay
4sp and 3), Ugc,< U°. Thus, this interaction cannot pro-
e um®) i duce an absoluté¢100%) renormalization of the Coulomb
U in principle. Even with a purely metallic mechanism when
Coulomb interaction is screened entirely by the states be-
y longing to the same sitéwvhich is believed to be the most

teg efficient, U can be renormalized typically only up te4 eV
for 3d sites?®> When the nature of orbitals participating in
screening is similar to the localized staté).~U° and the
renormalization can be very efficient. Thus, the magnitude of
J the Utzg parameter strongly depends on the nature of the

o states participating in renormalization: the more contribution
JM™) from ey orbitals, the more efficient screening.
0 s s s s s s . Renormalization of the exchange interacticﬂgzg is

mainly given by

Electron-electron interaction parameters (eV)

Ti v Cr Mn Fe Co Ni Cu

FIG. 1. Parameters of the electron-electron interaction for

LaMO; calculated assuming trivalenM®*) and divalent 2+) 5meg
configurations for transition-metal ions as well treating otjy ‘]tzg: 1+ sm, J. (7)
states as localized. 29

cantly increased due to conFraction of thet ®ave functions 11 response of, statesém, on small fluctuation of spin
when the number of localized electrons decred3eEhe S ) ) .
static screening by an extra electron which has essentiall agn(—?tlzatmn' INtzg .sta.tes IS 90"9”.“?0' by intra-atomic
long-range origin in the considered compour(dsrmally, Hund's) coupling which |s_alw§ys p05|tlyg. Thusl,ngJ.

only 25-30 % of the screening charge belongs to the same Generally, thee, screening is less efficient when tleg

site) is not so efficient to reduce for the M3* configura- States are either nearly empty or occupied, while it is en-
tion. Thus, decrease of effective Coulomb interaction inhanced at the half-filling casig. 2). At the beginning of
LaM O perovskites in comparison with rock-salt oxides de-Perovskite series! =Ti—Cr, U, decreases slowly with in-
duced from analysis of experimental photoemissioncreasing atomic number due to the systematical shift of the
dat£®3134~*6cannot be explained by different static screen-M(3d) states to a lower energy region and partial population
ing effects in M3* and M2* configurations. The third of the ey States which screen thig, electrons more effi-
scheme used for an estimation of Coulomb and exchangeiently. Because of admixture into the QR band, thee,
parameterslﬂtzg andJtzg in Fig. 1) is based on an assump- population is typically 0.9, 1.0, and 1.1 for Ti, V, and Cr
tion that only 31 states oft,, symmetry are localized based compounds, respectively. Partial occupationepf
whereas the, electrons are itinerant and allowed to partici- band in LaMnG; significantly increasese; population
pate in screening the localizeg), electrons’’ We have found  (Ne,~2.1) and drastically reduceld;, up to 1.6 eV. Subse-
the screening by, electrons to be very efficient and signifi- quent population increase ef; band in LaFeQ (neg~3.0)

cantly reducedJ for the t,, shell. The exchange parameter |eads to somewhat poorer screening in comparison with the
J reveals an opposite tendency and slightly increases;by Mn case. The behavior of paramagnetic Co, Ni, and Cu per-
renormalization. Indeed, the effects &f screening are very gyskites having a fully occupie@g shell can be well under-
different forU andJ. ScreeneclUIzg is mainly defined by the  gtgod again in terms o, band filling. For LaCoQ the
term (see the Appendix situation is close to Ti, V, and Cr compounds with the un-

filled e4 band except that in LaCofthe emptye, orbitals

are located just above the Fermi level and screentjpe
U, (6) electrons more efficiently. In LaNi@ partial filling of the

ey band (neg~2.4) reduces the effective electron-electron

whereU is the Coulomb interaction renormalized by other intéraction betweei,, electrons. The LaCu@corresponds
(non-3d) electrons. Due to the general tendency of localto the nearly occupied cased ~3.3) and thee, screening
charge conservatioﬁnegléntzgso and thereforeUtzgsU. becomes again less efficient.

ong

[¢]
I+ 5

U, =
tog

29
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FIG. 2. Correlations between the strength of effective Coulomb
interaction amongt,, electrons with the same spirgy
=Uy, —J,,, and thee; population f, ) atM site in LavOg per- Energy (eV)
ovskites(Ref. 38.
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FIG. 3. Density of states for IMO; perovskites with
M =Ti—Fe obtained in LDA-U, (right panel and LDA+U, (left

B. LDA +U and electronic structures of LaM O 3 perovskites pane) approaches. Dotted line corresponds to the LSDA. Position

Having estimated parameters of the effective electron®f the Fermi level is shown_w py vertical dashed line. The LBA
electron interaction for the,, states we try to include them Y2 and LSDA curves were joined by the common @jZand.
into the scheme for the band-structure calculations in the
spirit of the LDA+U method. Strictly speaking distortions lying physics responsible for the insulating behavior of con-
of the crystalline structure will lead to some mixing betweensidered compounds is based on the orbital instability effect
3d states oft,y andey symmetries introducing some ambi- in the narrowt,y band which appears at the Fermi energy in
guity in the choice of appropriate basis for localized states iLSDA calculations(Fig. 3). In this respect the situation is
the LDA+U, approach. We have performed two types ofvery similar to FeO and CoO rock-salt oxid®sThe band-
calculations for the LBIO5; compounds withM=Ti—-Fe  width W is of the same order of magnitude as the effective
crystallizing in the orthorhombic structure, where the crystalCoulomb interaction betweety, electrons with the same
distortions are known to be much stronger than those in thepinU4: W (Ug) is 2.0(2.3) and 1.5(1.9) eV for Ti and V
rhombohedral one wittM =Co,Ni, using slightly different case, respectively. In a quantitative form the orbital instabil-
orientations for the local coordinate system to estimate théy criterion can be expressed d$(Eg)U.>1, where
local occupation numbers and to calculate corrections for th&l(Eg) is the density of states per spin and per orbital at the
one electron potentidEq. (4)]. In the first case, the orienta- Fermi level. For real perovskites the situation is more com-
tion of the local system is chosen to be the same as that iplicated because the crystal distortions partially split the de-
the undistorted structure: J2(1,+1,0) and (0,0,1) with ref- generate,g orbitals and this criterion becomes approximate.
erence to the, b, andc directions in the orthorhombic cell. Nevertheless, such a splitting may be neglected in compari-
As another possibility we consider the local axis oriented toson with thet,; bandwidth and the strength of the effective
the nearest oxygen sites and somewhat tilted with respect ©@oulomb interaction. Simple estimations giWM(Eg)U ¢
the previous choice. We have neglected small nonorthogo=1.1 and 2.5 for Ti and V, respectively. Thus, thg band
nality in the latter local coordinate system. We have foundwill split by the on-site Coulomb interaction producing the
that the results are very similar in both cases but the formeinsulating state in the early MO 3 perovskites.
choice, which we will consider in the following, gives sys-  Indeed, within the LDA-U, method both LaTiQ and
tematically slightly lower estimations for the total energy. LaVOj exhibit an insulating behavior. Thig, states form

Before showing results of LDAU,, calculations for early three narrow bands arourie: (Fig. 3): the lower Hubbard
transition-metal perovskitesl =Ti,V we would like to dis- (LHB) and two upper HubbardJHB) bands corresponding
cuss briefly the qualitative aspect of the problem. The underto different projections of spins. The second UHB overlaps
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TABLE Il. Energy band gapgeV): fundamental(FG) and direct gapgDG) in LSDA and LDA+U
approaches and the experimental optical gap.

LaTiO3 LavVO; LaCrOz LaMnO, LaFeG; LaCoO;

FG (LSDA) 0.6 0.1 0.1

FG (LDA +U,) 3.3 3.0 3.0 0.9 1.8 1.2
FG (LDA +U,) 0.5 0.7 1.2 0.2 0.2 0.2
DG (LSDA) 0.6 0.7 0.1 0.1
DG (LDA+U,) 35 3.2 3.0 14 1.8 1.2
DG (LDA+U,) 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

with the e4 band, which starts around 1.5 eV. The energyBrillouin zone (BZ) is underestimated in comparison with
separation between Op2 and the first UHB(charge transfer optical[1.1 eV (Ref. 4))] and photoemissiofl.7 eV (Ref.

gap is 4.5 and 3.5 eV for Ti and V perovskites, in good 34)] data. In LaFeQ the U shiftst,g to the higher-energy
agreement with experimental optical d4#5 and 4.0 eV, region increasing they; —t,q separationFig. 3), but this
respectivelf’). Also the distance between Qfp and LHB effect is too small to reproduce the experimental energy gap
(about 3 and 2 eV for Ti and V perovskiless in good (Table Il). For paramagnetic rhombohedral LaCpQonic
agreement with photoemission measuremé&nts?? The configuratiortggeg) the U pushes the occupiegd, states to
fundamentalminimum) and direct gaps are shown in Table the lower energy region increasing separation between the
Il. For LavO3 agreement with experiment is fairly good, t,; andey bands which is sufficient to open a small energy
whereas for LaTiQ we failed to reproduce a sharp gap nar- gap(Fig. 4). The band-gap size estimated in LBAJ, as 0.2
rowing observed experimentaff(see also Ref. 4avhichis eV is in good agreement with the experimental opt{€aP
attributed to many-electron effects in the unfilleg band eV (Ref. 4)] and resistivity[0.1 eV (Ref. 43] data and
when Ugg~W (Ref. 12 and essentially beyond the one- somewhat smaller in comparison with photoemission
electron description used in the present wddither in  measurement$0.6 eV (Ref. 35]. In the least distorted
LSDA or LDA+U form). Nevertheless, we believe that LaCuO;, the Cuf,,) states overlap with O(® band and
LDA +U, scheme could be a good starting point for many-appreciably interact with the latter statkk, s leads to some
body applications in early transition-metal perovskites. Orredistribution of the density of states within QP band

the contrary, LDA+U; considerably overestimates the split- with small influence on the behavior of LaCy@ compari-

ting of t,, states and the electronic structures of LaJiéhd  son with pure LSDA.

LaVOj 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 ofigable I) and the
relative position of O(P) andt,y bands differs drastically
from the one obtained in optical and photoemission measure-
ments: for LaTiQ,, although LDA+U; reduces the band
gap between the LHB and Of2 to a small value o~0.5

eV, it formally describes this compound still as a Mott-
Hubbard insulator, whereas for La\{Othe occupiedts,
states fall into the O(R@) band, making the band gap of the
charge-transfer typé-ig. 3).

For LaM O perovskites withM =Cr-Fe, even the stan-
dard LSDA reproduces the insulating state if the lattice dis-
tortions are taken into account properly. In the LBA,
approach thé/ (3d) states ot,, symmetry split additionally
by roughlyU 4. In LaCrO; case withU .= 1.7 eV the effect
is the most pronounced and considerably increases the en-
ergy gap formed by, andey states with the same projec- 0
tion of spin(Fig. 3). ForM =Mn due to very efficient screen-
ing by e, states Ucz~0 introducing almost negligible
changes in the LDAU, band structure in comparison with £ 4. pensity of states for MO, perovskites with
pure LSDA(Fig. 3). A similar situation occurs in LaNi@.  p—=co-Cu obtained in LDA U, (right pane] and LDA+U, (left
The LSDA estimation for the transport gap in LaMBO pane) approaches. Dotted line corresponds to the LSDA. Position
(~0.2 eV is in very good agreement with resistivity mea- of the Fermi level is shown by vertical dashed line. The LDA
surementg§0.24 eV (Ref. 3], whereas the direct gap<0.7 U, result for LaNiO, corresponds to the antiferromagnetic configu-
eV) between occupied and empty states in the same points @ition.
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TABLE IIl. The local (spin) magnetic moments at the transition-metal s{iasug). Two values for L& O correspond to nonequivalent
V sites in theC-type antiferromagnetic state.

LaTiO4 LaVvVO; LaCrO; LaMnOg LaFeG;
LSDA 1.85, 1.90 2.86 3.71 3.60
LDA +U; 1.02 2.00, 2.00 3.18 4.20 4.04
LDA+U, 0.92 1.98, 1.98 2.99 3.72 3.67

Experiment 0.450.05(Ref. 10 1.3+ 0.1 (Ref. 49 2.8£0.2 (Ref. 45 3.7£0.1 (Ref. 46 4.6=0.2 (Ref. 45

LDA +U; increases the band gap for Cr, Mn, and Fe pereffect is expected to be very small for Cr- and Mn-based
ovskites in better agreement with the experimental opticabompounds having completely occupié;g shell well sepa-
photoemission data. We leave these discussions until the nepdted from the states a, symmetry, because the energy
sections where we will investigate the merits and demerits ogeparation considerably exceeds the strength of the spin-orbit
different approaches based on the magnetic properties analynteraction. The typical value of the orbital magnetization
sis and direct comparison with experimental optical spectraestimated for LaCrQin LSDA is —0.05ug per Cr atom and
the effect is even smaller for LaMnO U additionally splits
occupiedtgg and emptye, states and cannot increase the

. : orbital moment in the LaCr@case.
In Table Ill we show the(spin magnetic moments at The magnetic behavior of the LaMn(erovskite is par-
transition-metal sites obtained in the LSDA and different.. 9 P

. . icularly interesting, because in th% system Jahn-Teller
+ ’ o7 : . .
LDA+U approaches and compare them with experlmentaEJT) distortion is accompanied by the antiferromagnetic

data. The LDA+U, systematically increases the local mo- (A-type) spin and orbital ordering(alternately occupied
ments and yields the magnetic ground state in the L.'ngO_?)XZ_r2 and 37— r2 orbitals in theab plang. Using the

case. Note that all magnetic solutions from ferro- to antifer , ; .
Green's-function technique, we have calculated parameters

romagneticG type were found to be stable for the early ; , . ) .
transition-metal perovskites in the LD®J, approach. For of the interatomic(Heisenberg’s exchange interactid

LaCrO5; and LaMnO; agreement with experiment is remark-
ably good. The spin magnetic moments calculated for
LaTiO; and LaVO; are larger than experimental magnetic

moments. This tendency can be seen already in the LSDAfqpr LaMnO, in LSDA and different LDA+U approaches.

the LaVO; perovskite. We believe that the reason for theseg |l jn Eq. (8) is a block of real-space Green’s function with
discrepancies is an unquenched orbital magnetization whlc{h‘

. : Ylhe site indicesj; AV,=V/—V!, which can also depend on
can reduce the total magnetic moment on the Ti and V S'te8rbital indices due to the population imbalance in LD&
in accordance with Hund’s third rule. In the ionic picture

without crystal distortions the orbital magnetization inducedOr due to the effects of nonsphericity in the exchange poten-

by the spin-orbit interaction on thes, states is kg. The tial in LSDA, Tr_ runs over the orbital indices. The first and

. ) . . second neighbor interaction parameters are listed in Table
crystal distortions split the degenerdtg orbitals and par- IV. LSDA and LDA+U, give very similar results for

tially quench the orbital moment. Thus, one can expect th
the orbital magnetization will considerably improve theaIt‘aMnO3 and we refer only to the forrlner.case. One can see
that the behavior ot,, and e, contributions to the first

agreement with experiment for the LaTi@nd LaVO; com- . : ¢ ) . .
pounds. As another possibility for discrepancies we couldﬂ'mghbor exchanges is very different: tg- e, interaction

mention the qanted magnetic structure Wh'(,:h can arse also TABLE IV. Parameters of interatomic exchange interactions be-
as a result of interplay between the crystal distortions and thg,een first 0%) and secondJ2) Mn neighbors in LaMnQ calcu-
spin-orbit interaction. We leave the effects of the spin-orbitjzteq in LSDA and LDA-U, approachesin kelvins). Two different

interaction for future investigations. Importance of the spin-yajyes fora2 correspond to nonequivalent pairs of second neighbors
orbit interaction in Ti- and V-based perovskites has been alsg, the distorted orthorhombic structure.

shown in Ref. 29 by using the periodical Anderson model.

C. Magnetic properties

2 Er
Jij:?mf_ dETr {G}(E)AV,GH(E)AV}  (8)

Calculated magnetic moments for LaFg@re strongly un- LSDA LDA+U,
derestimated in comparison with experimental ones. Even

the LDA+U; scheme where all @ states were supposed to ab plane

be localized and feel a large Coulomb interaction gives onlyab (total) 106 321
4.04u for the local spin magnetization at the Fe site. TheJab (tzg ONly) -107 -27
orbital magnetization is expected to be small for Fe atomsJas (&g 0nly) 261 350
which in this compound have an ionic configuratidt and J2, (total) -10,-27 1,0
cannot explain disagreement with experimental data. Indeed, interplane

the orbital magnetization estimated in LSDA for LaFg®  J; (total) 36 269
only 0.05«g per Fe site. For Ti-Mn compounds LDAU ; J¢ (tag Only) -247 -66
systematically overestimates the magnetic moments. Even if; (e, only) 271 310
the discrepancies in Ti and V cases could be explained agay? (total) -33,-40 -19,-21

by taking into consideration the orbital magnetization, this
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acts in favor of ferromagnetic arrangement between nearegation of 1.3.5 per formula unit. The energy difference be-
Mn sites(both in and betweeab planeg, whereast,g—t,4 tween these two states is very small in LSDA being compa-
exchange is essentially antiferromagnetic. In LSDA, the firstable with kT. This feature could explain the temperature-
neighbor interlayet,;,—t,; and e;— ey interactions are of dependent low-spin to high-spin transition in LaCaOlwo
the same order of magnitude. Note that due to the tiltedtable solutions for LaCo@have been found also in the
structure, a small mixed typg,—e, exchange also exists. LDA+U; scheme: paramagnetic insulator having a configu-
The delicate balance between these two interactions dependﬂiontgg and ferromagnetic half-metal having% configu-
on the strength of JT distortion and tilt of Mn®ctahedrd! ration with spin magnetization ofig, per formula unit. Nev-
With the experimental crystal structure we foudfito be ertheless, the difference between these low-spin and high-
weakly ferromagnetic and comparable with antiferromag-spin solutions seems to be very overestimated: almost two
netic second neighbors exchan]je Taking into account the orders of magnitude higher thair.> In comparison with
coordination numbers, we havel2+8J2=—220 K. Thus, pure LSDA and the more traditional LDAU,, our LDA+
the LSDA could explain theA-type antiferromagnetism of U, approach provides an additional degree of freedom to
LaMnO; associated with the JT distortion. Indeed, theexplain the magnetic behavior of LaCgDbecause in this
total energy analysfs® shows that the lowest energy in compound magnetism is directly related with redistribution
LaMnO; corresponds to the antiferromagnefictype ar-  betweert,, andey populations. The strength ef; screening
rangement. For weakly hybridizeg, states, a larger spin is expected to be very different for differety, configura-
splitting corresponds to a smaller interatomic exchange. Iions(and therefore for different magnetic stagtdadeed, the
the LDA+U; approach, where the energy separation beCoulomb interaction parametéty; estimated fortgg, tgg,
tween spin up and spin dows, states is governed by large and t‘2‘g configurations in LaCo@is 0.8, 0.3, and 1.0 eV,
U (two peaks around-6.5 and 5 eV in Fig. B correspond- respectively, again reflecting the degree of the fillingegf
ing (antiferromagneticcontributions to the first neighbor ex- statesnearly unoccupied, half-occupied, and completely oc-
change are considerably reduced. The behavior of ferromagupied ey shell. Thus, thetgg case is simply very close to
netic &, type exchange interactions is just the opposite: thehe standard LSDA high-spin solutigalso havingt3, con-
potential termAV;AVj in Eq. (8) is considerably larger in the * figuratior). Here, we just wanted to illustrate some features
LDA+U, approach, whereas the electronic structure factopf LDA +U, description of magnetic behavior of LaCgO
related with the energy redistribution ef states is not di- and leave more detailed analysis of this problem in future
rectly affected byJ due to the strong hybridization between pyplications.
M(eg) and O(2) states. Thus, LDAU, overestimates the | aNiO; and LaCuQ show nonmagnetic behavior both in
tendency toward ferromagnetism for the LaMp@om- | SDA and LDA+U,. On the contrary, both ferromagnetic
pound. and antiferromagnetic solutions with the spin moment
Agradual temperature-dependent transition between low=_ 11/'LB per M site have been found for LaN@n’] the
and high-spin states in LaCqQvas traditionally explained | DA +U, approach, which due to the strong Coulomb cor-
in the ionic picture, where the crystal field splitting betweenrelations in unfillede, band overestimates the tendencies to-
tog and ey states is comparable with Hund's coupliffg. ard magnetism in this compound. Nevertheless, even in
LSDA, which shows a first-order transition between para-hjs approach LaNi@ remains metallicE is located at the
and ferromagnetic states in LaCgQOas a function of top of O(2p) band and no band gap has been fo(fid. 4).
volume?® provides another point of view for this problem. Tetragonal LaCu@ is also metallic and shows a weak mag-
This behavior is directly related with the shape of the densityhetism in the LDA+U,: the magnetic moment at Cu site
of states in this compound displaying a higly peak and a  yaries from 0.0, in ferromagnetic to 0.0, in the anti-
broadey band nearEr in the paramagnetic phasgig. 4.  ferromagneticG-type configuration§? Finally, our results
Then, a magnetic solution becomes stable if (both LSDA, LDA+U,, and LDA+U,) qualitatively agree
| | with experimentally observed electric and magnetic proper-
2N (Ep)N'(EF) (9) ties of LaCuQ, reported in Ref. 30: metallic behavior and
N'(Ep)+N*'(Ep)~ ™ possibly weak magnetism in the largescheme. Neverthe-
less, our calculations do not support the point of view about
&he 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 LaCuQ@ compound.

wherel is Stoner’s parameter, which can be calculated in th
scope of LSDA? andN'*!(Ef) is the density of states at the
Fermi level split by a given initial magnetic field. When the
splitting is vanishingN'(Eg) =N'(Eg)=N(Eg), Eq. (9) is
reduced to the standard Stoner criteridi{Eg) >1 which is
not fulfilled in LaCoQO; 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
LaCoO;. If a field is strong enough, the conditions N order to compare the band structures of theviiG,
NT(EF)ZNE (Ef) and NL(EF)ZN% (Eg) will be satisfied. per_ovskltes ob_tamed by d|fferenfc mgthods d|rec_tly with ex-

h . gNl EosN! (B ZEQ 9) i duced t perimental optical data we show in Fig. 5 the optical conduc-
Then, since tzg( F) eg( F), Eq. (9 is reduced to tivity curves o(w)=323_,0,4(w), whereo 4 is the con-
ZINLQ(EF)>1- which is the criterion for the high-spin solu- ductivity tensor which generally includes two parts
tion in LSDA. For example, for the experimental volume this corresponding to interband and intraband transitiong
solution was found to be also stable with the spin magneti= o5+ ol (in Rydberg units

D. Optical conductivity
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which considerably facilitates numerical calculations. Fi-
nally, we replaced thé function in the BZ integral in Eq.
(10) by Lorentzian:5(w)— /[ w(1+ w?7%)] with the life-
time broadeningr *=5 mRy. The local field effects have
been omitted.

For all compounds the LDAU, approach well repro-
duces the main features of the optical spéétia the low
energy region. For LaTi@ and LaVO; the optical conduc-
tivity curves show a weak structure up to 4 eV corresponding
to excitations from thé,, 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 UHIB favor of com-
plex rather than real harmonjcand 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 thet,y UHB. In the higher energy region

(around 5 eV this structure is considerably enhanced by the
e [ v O(2p) to gq4 excitations. The interband conductivity obtained
AT Co in LSDA is very similar to that in the LDA-U, approach,
because the probabilities of the optical transitions associated
with M(t,g) states are relatively small and the optical con-
ductivity curve is rather insensitive to the position of the
t,q band. An intrabandDrude peak appears in the optical
LDA +U applied only fort,y and for all A states(solid and dotted cond.uct|V|ty Curves in I_-SDA for early transmon-metql per-
curves, respectively LSDA (dot-dashel] experiment by Arima OVSkitesM =Ti,V in obvious disagreement with experimen-

et al. (dashedl The LDA+U; result for LaNiO, corresponds to the tal data. On the contrary, the LDAU; scheme overesti-
antiferromagnetic configuration. mates the band gap and in principle fails to reproduce the

low intensity part of the spectra, spreading up to 4 eV.
For LaCrGO; the low energy excitatiofaround 2.5 eYin

Photon Energy (eV)

FIG. 5. Spectra of optical conductivity for MiO 5 perovskites:

'”ter(w)— — > d3kf o (1= F . ){(/K|pal /' K) LDA+U, corresponds to the transition between occupied
T t,q and unoccupieey bands(Fig. 3. The probability of this

E/,k+ E,) transition is much weaker than that of the next excitation
x(/" k|plg|/k> (100 from O(2p) to ey band(around 4 eV. It could be related

Ex 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
LDA+U, calculations(Table Il), because the optical gap
was assumed in Ref. 41 as a charge-transfer gap between O
(2p) andey bands. In the LDA-U; approach the occupied
t,, states in LaCrQ appear at the bottom of the Q¢ band
calculated in the random-phase approximation on the base @Fig. 3) making the insulating nature of LaCgQn LDA +
LMTO method® f ,, is the zero-temperature Fermi distribu- U of the charge transfer rather than Mott-Hubbard type. On
tion function for the stat¢/’k), p, is the momentum opera- the other hand, the energy separation betweenpP(hd

tor p,=—1iV,, and the spin state index is included in the unoccupiedey bands (-3 eV) is nearly the same in LSDA,
band index”. The BZ integration has been performed in theLDA +U;, and LDA+U, schemes. Thus, except the low
uniform grid containing 247% points in the whole zone for intensity part around 2.5 eV, the optical spectra correspond-
perovskites with the orthorhombic structure Bf=Ti—Fe ing to these different methods are very similar and an analy-
(corresponding to 14 divisions along in-plane and 10 divi-sis based only on optical data is not sufficient to distinguish
sions along the perpendicular reciprocal-lattice veg¢tarsl  between them. On the other hand, the x-ray photoemission
3375 k points for the rhombohedral-phase compounds ofpectra for LaCrQ (see Ref. 31 and references thejein
M =Co,Ni (14 divisions along the reciprocal-lattice vecfors show three-peak structure very similar to Ti and V perovs-
6859k points in the whole BZ 18 divisions along the recip- kites. Thus, the low binding energy peak 1.5 eV) can be
rocal vectors have been used for the tetragonal LaGuO identified with Cr¢,,) states in favor of the Mott-Hubbard
The intraband conductivityEq. (11)] has been calculated picture for the LaCrQ insulator’? This experimental fact is
with the standard tetrahedron technique with correct weight@ line with LDA+U, rather than the LDA-U,; approach.

for the tetrahedra. Using the method proposed in Ref. 54, th®loreover, the relative position of occupied Gy) and

BZ integration in[Eqg. (10)]] has been replaced by the O(2p) bands obtained by LDAU, fits well to the shape of
weighted sums in the analogy of the special-point scheméhe x-ray photoemission spectra.

and

.mra(w)__z o3 f &3k( /K| Pl /K)

X(/K|pgl/k) 8(E x—Ef) (11
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The minimum optical gap in LaMn@is formed bye, U (Fig. 4) resulting in very poor description of the low en-
states split due to the JT distortion. The splitting is somewhaergy part of the optical spectra.
underestimated in LDAU,. One of the reasons for this  In accordance with optical measuremettsaNiO; and
discrepancy could be an uncertainty introduced by thd-aCuO; show metallic behavior, but their spectra largely
atomic-sphere approximatiofASA): although the ASA re- deviate from the simple Drude form. Both LSDA and LBA
produces the insulating behavior of LaMg®@aused by the U2 reproduce well experimental spectra for these compounds
JT distortion, the splie, bands are appreciably broadened in €XCept the high intensity Drude peak found theoretically. For
comparison with more precise FLAPW calculatidnghe ~ La8CuOs LDA+U, gives very similar results. In this com-
LDA +U, provides quite a reasonable description for the lowPouUnd M(3d) states are “dissolved” in the O ban
energy part(up to 3 eV} of the optical spectra in the (Fig. 4 and optical conductivity is very insensitive to “ex-

LaMnOg case as an excitation from to an unoccupied act” position of their cgnter. Both .for_ LaNiQ and
band fgrmed by alternating®— z2 zf?d y2— 72 orbitzls LaCuO;, LDA+U; also displays the high intensity Drude
(around 2 eV in Fig. B but the next excitation in this picture peak.

. . At the present stage, the origin of the high intensity peak
?npepniglrsfir?crj]ilrilgaround 6 eV being rather far from the EXPeNSbserved in the experimental optical spectra around 10 eV is

. . , . .__hot clear. Position and intensity of this peak are almost the
Serious discrepancies between theoretical and experime@z e for all La10, compounds. This peak can be hardly

tal data were found for the LaFeQwhere the low energy iqentified with excitations to La # states(which were not

part of the optical conductivity curve reveals two peaks inincluded in the valence basis in the present considefation

LDA +U,: the low intensity one around 1 eV corresponding pecause absolutely the same structure has been observed for

to excitations fromey to t,q band and the higher intensity y.pased perovskites MO4.4

peak corresponding to transitions between occupied and un-

occupiedey bands(located at—1.0 and 2.5 eV in Fig. Bin

gualitative agreement with experimental data. Nevertheless,

in the experimental curve these two peaks are almost rigidly We have applied the LDAU approach for the transition-

shifted to the higher energy region by2 eV. Thus, a poten- metal perovskites L O 5 with M =Ti—Ni assuming two dif-

tial correction acting simultaneously o, ande, states and  ferent models for localization of 8 electrons at transition-

additionally splitting the occupied and empty states is reimetal sites.

quired for this compound. This is in line with calculations of (i) All 3d electrons are localized and experience large

the photoemission spectra for the LaRe®where the rigid  on-site Coulomb interaction correction.

shift of the same magnitude was needed for the occupied (ii) Only 3d states oft,, character are supposed to be

states in order to fit experimental and theoretidabDA) localized, whereas those ef character, strongly interacting

curves. In LDA+U, the Fe(3l) states with different spins with 2p states of nearest oxygens and forming braad

are split byU+4J=11 eV and form very narrow bands bands, are treated as itinerant in the scope of the standard

located below and above the Q{Rband(Fig. 3). The first LSDA approach and allowed to participate in renormaliza-

excitation in this picture corresponds to a transition from thetion of the on-site Coulomb interaction betwegysy elec-

O(2p) to the upper Fe(8) band separated by the charge- trons.

transfer gap~1.8 eV which is in good agreement with ex-  The first scheme predicts the insulating behavior for

perimental estimations. Nevertheless, the shape of the optic&l-Co perovskites. However, regarding magnetic and optical

conductivity curve obtained in this approach is rather farproperties, the effect of the Coulomb interaction is strongly

from the experimental ong=ig. 5. We have also performed overestimated. Moreover, the insulating behavior of LavO

a series of LDA-U, calculations varyindJ as a parameter and LaCrQ, in this approach corresponds to the charge-

in order to find an optimal value with which the theoretical transfer rather than Mott-Hubbard picture in clear contradic-

spectrum would fit the experimental one for LakeCBur-  tion with photoemission data.

prisingly, however, the LDA-U; approach, where without The second scheme provides more appropriate description

hybridization the correction simply has a form of rigicbn-  for most of LaMO5.

stany shift for all 3d states, failed to reproduce a rigid shift (i) Predicting insulating behavior for LaTiQ and

of t,; andey bands on optical spectra. Actually, the strongLaVO3 with a small(Mott-Hubbard gap formed by the,

o-type hybridization betweeey, and O(2) states makes the states. The strength of the effective Coulomb interaction be-

ey band less sensitive to the strength of the on-site Coulombveent,, electrons is comparable with thgy bandwidth

interaction in comparison with thig; one. (Uei~W). This feature may be responsible for a variety of
For LaCoOQ; the experimental optical spectra show threemany-electron phenomena observed in these compddnds.

peaks located around 1, 3, and 6 eV, respectively, in reasorGontrary to the pure LSDA picture, magnetism of LaTiO

able agreement with our finding. It is closely related with thenaturally appears in this approach.

density of occupied states for this compou@d. 4), which (i) Considerably increasing the band gap of Lagrd

exhibits three main structures corresponding to thet{d(  comparison with the pure LSDA results and in good agree-

band and broad O{® band split by the hybridization effects ment with experimental data.

into the bonding and antibonding parts. All three structures (iii) Opening a small energy band gap betwégnand

appear in the optical conductivity curve through the excitae; bands in paramagnetic rhombohedral LaGoO

tions into theey band. In the LDA+U; approach, Cdgg) (iv) Introducing almost negligible effects in the LSDA

states are shifted to the bottom of the @f2band by large band structures for LaMn@and LaNiO; which are charac-

IV. SUMMARY AND CONCLUSIONS
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terized by minimum effective Coulomb interaction param-orbital indices. Then, we suppose thatstates themselves
eters fort,q states. This is in line with the recently proposedcan be divided into two groups liket,; and ey:
band (rather than strongly correlatedpicture for the N=ng, +Ne . The reason for such a separation could be an
transition-metal perovskités® where applications of the external factor like very different hybridization effects in-
LSDA were the most successful to explain the behaviors o{,olving t,, ande, orbitals. In order to find parameters of the
the Mn- and Ni-based compounds. effective interaction fot,, states Uy, andJ;, ) we use the

The behavior of LaFe@is still unclear. If discrepancies . . .
between theoretical and experimental data in the magnitudsetamOIarOI procedure and & to an expression given by

of the local magnetic moments can be attributed to experi- el=const-U, n! +(Uy, —J,)n| . (A2)
mental uncertaintie$,the problem with almost rigid shift 20 "2 2 0 2

(~2 eV) between higher occupied and lower unoccupied Then
states required in the band picture to reproduce experimental . | | ) )
excitation spectra remains unsolved. A proper account of th8(¢ —&')/dn, , respectively. Usind12), U;, can be ex-
correlation effects is needed. We believe that the band stru@ressed through basig®, J°, andU parameters as

ture obtained in the LDAU, approach applied to thgy

, U, and J, can be found ass¢'/sn! and
29 29 tZQ

states could be a good starting point for the many-body per- 0 5neg o MNs 0 5”29
turbation technique for the perovskite transition-metal ox- Utzg:U 1+ 5”3 "’Uds_(snti —J 5”% . (A3)
ides. 2 2 2

All fluctuations are required to obey the total charge con-
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APPENDIX A: RENORMALIZATION OF COULOMB AND sm
e

EXCHANGE INTEGRALS BY e, ELECTRONS 3 =30l - %
29 on}
20

: (A5)

Let us consider the system containing two types of elec-
trons (sayd ands). We assume the following parametriza- where the spin magnetization, =nl, —n_. .
tion for d-type single-particle energies in terms @fand s far

. | Assuming a rigid band model for charge and spin fluctua-
populations ( andng, respectively.

tions near the paramagnetic statémeg/ 5nt2g=0 and
e!=const- U%n!+(U°—J3%n!+ U9, (A1)  One /omy, =0. Thus, we have finally

which corresponds to the HF approximation and is widely SN
used to extract parameters of effective electron-electron in- U, =U[1+ g) (AB)
teraction in the constrained-LSDA appro&chiz**u® and 2 N,
J9 are unrenormalizetbare Coulomb and exchange among
0 : . . and
d electrons,U is the Coulombds interaction parameter
(we do not consider thels exchange, thus neglecting the SMe
renormalization effects fad®). We also neglect nonspheric- Jo. =39 1+ g) (A7)
ity of d shell and suppose that® andJ° do not depend on % oMy,
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