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The electronic structures of the perovskite oxidedi@; (M =Cr, Mn, Fe, Co, and Ni) have been studied
in the local-spin density approximation LSBAJ method with the on-site Coulomb interaction paraméter
varying from 0.0 to 10.5 eV, and exchange paramétérom 0.35 to 0.95 eV. It is found that the splitting of
the occupiedspin-up bands and the correspondimgccupiedspin-down bands increases almost linearly with
the increase ofJ, while the positions of the completely empty orbit@lsth spin-up and -down bands are
unoccupied)re not sensitive to the value bf. These features cause the gaps of the compounds to increase
first with U, and then they can increase (LaRg¢Odecrease (LaCrQand LaMnQ) or even drop to zero
(LaCoGQ;). The local magnetic moments increase linearly with increasind\fter considering the on-site
Coulomb interaction, the binding energies for the perovskites are lowered, and decrease with the intiease of
The exchange parametgialso influences the electronic properties, though not as strongly as thatdf tke
group of values ofJ andJ parameters, which can give results closer to that given by experiments, have been
found.[S0163-18209)00144-7

[. INTRODUCTION effects of the atomic shells are included. The valuéJah
the solid is further reduced if the screening by other electrons
In recent years, theab initio band-structure methods are considered; Some values reported in the literature are

based on the local-spin-density approximat{o8DA) were  U=6.9 eV for MnO (Ref. 7) and U=7.8 eV for Mn in
widely used to calculate the electronic structures ofZnTel! Itis still difficult to find a correct way to obtain the
transition-metal perovskites ka,D,MO; (the dopanD be-  values ofU andJ for compounds? and the parameters used
ing a divalent alkaline earth metal Ca, Sr, Ba, &deing in various calculations may be different. For the transition-
the & transition metal'~> since those doped perovskites, metal perovskites L O, Solovyevet al® have calculated
such as (LaCa)Mng Lay 7Sty MnO;, were found to have systematically the on-site Coulomib and exchangd pa-
some rather rare properties such as the colossal magnetorameters by the standard LSDA-constraint technidut.
sistance observed near the room temperatusnd was found that as the atomic number of the transition-metal
temperature-dependent structural phase transitions inducéacreases from 22Ti) to 29 (Cu), U gradually increases
by an external magnetic fiefdlt has been shown, however, from about 8.0 to 10.0 eV, which means the electronic cor-
that the standard LSDA technique fails to reproduce the infelations are stronger. It was also shown in Ref. 9 that
sulating behavior, or underestimate the energy gap, and giyearameter increased slowlground 1.0 eYwith the increase
magnetic moments® which are too small for many perovs- of the atomic number oM. The parameters used by Mi-
kites. Since the 8 electron correlations, which are not con- zokawaet al.,*® however, are much smaller than that used by
sidered properly in LSDA, are very important in transition- Solovyev. There exists at least 3.0 eV deviation tbipa-
metal oxides:® they should be taken into account more rameters used them. For example, thevalue for LaMnQ
rigorously beyond the LSDA. Very recently, the LSBAJ  used by Solovyev was about 9.1 eV, while that used by
method'® was developed in which the on-site Coulomb in- Mizokawa was only 5.5 eV. Satpatlet al! also calculated
teractionU of the localizedd (or f) electrons, introduced the U,J parameters, which were 10.1 and 0.88 eV, respec-
from the Hubbard model, had been included very well. It hasively, for LaMnO;. Obviously, it can be seen that there exist
been proved that all the discrepancies with experiments ofreat discrepancies among those values used by various au-
the LSDA mentioned above could be resolved or improvedhors. Therefore, which value df,J are more reasonable

significantly by this approacj’ﬁ _ _ and how the values affect the electronic structures ofl 0g
It is known that the on-site Coulomb interaction @fd  are problems to be investigated in the present work.

electrons is screened by other nod-@lectrons and affected  The different electronic structures of transition-metal per-
by the hybridization between M(3d)-O(2p) and ovskites LMO; have been studied carefully by using the
M (4s)-O(2p) electrons in L& O; and the lattice relaxation | SDA+U method withU varying from 0.0 to 10.5 eV),
effects in crystat® All those factors may reduce the value of from 0.3 to 0.95 eV. It is found that the splittings of the
the interaction constant$ andJ, where the exchange param- occupied spin-up bands and the corresponding unoccupied
eter J is also used in LSDAU and identified with the spin-down bands increase almost linearly with the increase
Stoner parametdr; which is aboutJ/10 in magnitud€.For  of U, while the positions of the unoccupied spin-up and cor-
example, theJ,; for the bare Mn atom, of about 20 eV, is responding spin-down bands change little with the varldus
reduced to only abou’¢'**= 12.8 eV, when the relaxation The energy gaps for the perovskites increase with stiall
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(from zero to 3.5 eV, and whenU is larger, the gap can ered. Another scheme to consider the Hubbard term has been
increase, decrease, or even drop down to zero for differerthosen to improve the results of LaCpé@nd LaNiQ,, which
compounds. The local magnetic moment increases and theave paramagnetic ground state. It is the so-called spherical
binding energy decreases almost linearly with the increase dfDA + U method?? in which the matrix of the one-electron
U. The J effect, though not as strong as thatdf is also  potential is given by
studied. A group of values dfJ,J parameters, which give
results compared well with the experiments, have been found Ve o =Vipa+(U=3)(38mm,— N m.)- 2
for the perovskites. v ve e

And the corresponding total energy is expressed as

II. CRYSTAL STRUCTURES AND METHOD

u-J
All experimentally observed crystalline structures and E=Eipat 2 %‘; nmm_mlzm‘fza My m,Mmym, |- )

magnetic phasé$® were used for our calculations per-

formed for LavMO3(M=Cr, Mn, Fe, Co, and Ni). Ortho- |5 Eq,(3), the interaction between electrons with opposite
rhombic and rhombohedral structures were used fogpinsy nin! is not included: it has been canceled by the
LaM;0; (M;=Cr, Mn, Fe) and L#¥;0; (M;=Co, Ni),  same term appearing in the corresponding double-counting
respectively. As for magnetic phasesfype antiferromag-  energy, which represents the interaction energy between lo-
netic (A-AFM) and G_-AFM were studied for Laanand calized electrons considered in the standard LSDA. Thus,
LaCr(Fe)Q, respectively. Both LaCopand LaNiQ, have  only the Coulomb interaction between the localized electrons

paramagneti¢PM) ground states. Due to the distortion, the \ith the same spin is considered in this scheme.
orthorhombic structure unit cell has four formula units, while

the rhombohedral one has two.

The self-consistent band structure has been calculated by
using the atomic-sphere approximation—linear muffin-tin or- The electronic structures of MO; (M
bitals (ASA—LMTO) method;” in which the on-site Cou- =cr, Mn, Fe, Co, and Ni) are first studied by the standard
lomb interactionU correlation has been taken into account.| SDA method (J,J=0.0 eV in the calculationto compare
Since the ASA-LMTO method is only accurate for closely with the LSDA+U results. It is found that LSDA cannot
packed structures, the interstitial sites in the unit cells for th%xmain very well the electronic properties of the compounds,
compounds have been properly filled with empty spheresexcept for LaNiQ, which has metallic bands in low-spin
Based on the original LSDAU method first proposed by ground state; the results obtained are in agreement with ex-
Anisimov et al.in Ref. 7, the orbital-dependent one-electron perimental results. In Tables | and Il, the energy gaps and the
potential used in our calculation has been written in the formagnetic moments calculated are listed, together with the
experimental results. Since LaCgQ@ilso lies in low-spin
state(in the self-consistent process, the ferromagnetic state

IIl. RESULTS AND DISCUSSION

o = r ! 7 __ ! ! . .
lemz_ Em UmlmZmlmz(nmimé nmlmz) ultimately becomes paramagneficboth LaCoQ@ and
1 LaNiO; are not included in Table Il. It is obvious that the
” _ LSDA cannot give reasonable band gaps for Lafe@d
+ /2, (Uimymyms mg = Jmg mymi ms) (Mg e = Nintms) LaCoOQ, and gives too small a gap for LaMgOThe local
mym; magnetic moments at transition-metal ions in all compounds

(1) are underestimate@ee Tables | and Jl Therefore, to study
those transition-metal perovskite oxides, it is important to
wherem (m;,m,) and o designate the orbital and spin, re- include the on-site Coulomb interaction term.
spectively. The orbital-flip amplitudes in the partial occupan- It is known that the on-site Coulomb interactidhin a
cies ofd orbitals n;;lm2 (Ref. 18 have been considered in strong-correlated system can shift the LDA occupied orbitals

Eq. (1). And n,, . is them,m,-dependent average density; @Pout—U/2 and unoccupied ones Hy/2,%" which lead to
.12 - — . opening up a gap- U for a singled band system.One may
onl{ averaging over spin is assumed hemg;m,=(Nmm,  then conclude that the gap of a strong-correlated system is
+Nm,m,)/2. The matrix elements m m,m:m, Jmym,m/m; C@N  girectly related to the value df, and it will always increase
be expressed in terms of complex spherical harmonics angl U increases. However, it was found by the present work
effective Slater integralE*.'® For d electrons, only=%, F?,  that the gaps of perovskites MiO; did not simply increase
andF* are needed, and these can be related to the averagingth U. Figures 1a) and Ab) show how gaps and local mag-
CoulombU and exchangel parameters vidJ=F° andJ  netic moments in LIl O, vary with the parametel, where
=(F2+F*)/14 (F4/F2=0.625 for 3 elements®®?! Thus,  the exchange parametais fixed at 0.95 eV. The solid lines
if the averaging parametets,J are known, thé=%, F2, and  have been used in the figuréaiso in Figs. 5 and )6to con-
F#4 can be obtained through the above relations, and so angect the separate dots, which represent the calculated results
the two matricedJ mymym’ m andJn, m-m/m! - corresponding to the different valuesWf(or J) taken in the
12 177272 . .
It is obvious that ifnln . :n#n _(paramagnetic phase or calculation. The (esults obta!ned by the standard LSDA are
low-spin state, such aslé‘zbin Llaéo(%) the fluctuation of al_so shown in Fig. 1 k_)y “d|amond" symbols_. Compared
o c — 0 ) with the LSDA results, it was obvious that by including the
charge densityi, (N t,) —Nm;m, in EQ. (1) is equal to  {ypbard-like interaction term the results can be improved
zero, therefore there is no Hubbard-like interaction considsignificantly. Even if the on-site Coulomb interaction param-
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TABLE I. The calculated energy band gafis eV) for the perovskites Ll O3 (M = Cr—Co) obtained by
LSDA and LSDA+U approach, compared with experimental and other theoretical resultsUTdred J
parameters used in the table are listed in Table lIl.

LaCrG; LaMnOs LaFeG LaCoG;
(G-AFM) (A-AFM) (G-AFM) (PM)
The present work
(LSDA) 1.1 0.1 0.0 0.0
The present work
(LSDA+U) 2.6 1.0 2.1 0.3
Solovyev
[LSDA+U, (Ref. 9] 1.2 0.2 0.2 0.2
Mizokawa
[Hartree Fock(Ref. 13] 4.5 3 4 3.5
Exp. (Ref. 29 3.4 11 2.1 0.3

eterU is equal to zero, the little exchange parameteilso  the on-siteU are considered and the comparison of the fig-
increases the gaps and the moments. It is found that gaps ofes more clearly shown. From Figs. 2—4, it can be seen that
the perovskite oxides all increase first with small values ofthe valence bands are mainly contributed by ®-and
U, and then the gap may increager LaFeQ,), or decrease M-3d, which are mixed strongly with each other. And the
(LaCrO; and LaMnQ@), or even drop down to zero |owest-lying unoccupied bands are mainly by théands,
(LaCoQ;) whenU increases to a certain value. The gaps dowhich also hybridize strongly with the Op2 Since the dis-
not increase monotonously with the increaselljfas one  {ortions of the crystalline structure are smayl, ande, can
would generally expect. These very distinct properties ofyq approximately used to represent theands. By compar-
each compound are mainly related to the different eIectronigqg the partial DOS in the shaded areas in Fige)-22(d)
configurations of the transition-metal ions in those com- also see Figs. 3 and .4t can be concluded that the splitting
pounds. The reasons can be given in details after analyzi tween the)ccupieds’pin up and theinoccupiedspin down
the densities of statg®OY9) for the compounds. : : i

Figures 2, 3, and 4 give the total DOS and partial DOS ofOf tzg(€g) level increases almost linearly witd and the

L magnitude of the splitting is in the order of thkevalue. The

transition-metal ions of LaCrg) LaMnQ;, and LaFe@, re- . .
spectively, with different values of. [In Figs. 2b), 2(c), total DOS of LaMnQ agrees with that obtained by Satpathy

and 2d), the partial DOS of O @ have also been shown. €t al! _ _

The partial DOS of transition-metal ions in all compounds ~For LaCrQ, the occupied bands of Cr ions a1 and
are indicated by the shaded areas in the figures. It is founfiotheyT | orbitals are empty. Comparing Figgaand 2b),
that the interaction parametetlsJ did not change much of it is found that when &J of 3.0 eV andJ of 0.95 eV are
the positions O p and La 5 orbitals, which are located in added, the occupietng and unoccupiecﬂggl orbitals shift
the energy range of-6—0 eV and 3-8 eV (see Figs. down and upwards by about 2.5 eV, respectively. And they
2-4), respectively. Thus, for compounds without consideringboth shift continuously with the increases 0f Such fea-
the Hubbard-like interaction term, we did not set the Fermitures of the half-filled orbital$with occupiedspin-up bands
level (Eg) at the zero point in the figurdsee Figs. &), andunoccupiedspin-down bandsreflect the essential point
3(a), and 4a)] in order to make the O and La & orbitals  of the idea of LSDA-U . For the completely unoccupim@
occupying at the same energy region with the cases in whicbrbitals, the spin-up and -down bands shift down and up-

TABLE Il. The calculated magnetic moments Bt sites (in wg) for the perovskites L&l O; (M
=Cr, Mn, Fe) obtained by LSDA and LSDAU, compared with experimental and other theoretical results.
The values olU andJ used in the table are listed in Table Ill.

LaCrG; LaMnGO, LaFeG
(G-AFM) (A-AFM) (G-AFM)
The present work
(LSDA) 25 3.3 35
The present work
(LSDA+U) 2.9 3.8 4.1
Solovyev
[LSDA+U, (Ref. 9] 3.0 3.7 3.7
Mizokawa
[Hartree FockRef. 13] 3.0 3.9 4.6

Experimental’s 2.80.2 (Ref. 26 3.7+0.1 (Ref. 15 4.6+0.2 (Ref. 26
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wards, respectively, only by about 1.0 eV in FigbR com-
pared with the case df,J=0.0 eV in Fig. Za). And from
Figs. 2b)—2(d), it is found that the positions oéé hardly
change with the increase &f. Since in the extremely local-
ized limit n,—1 or O (integral occupangythe entirely

empty orbitals are only affected by the exchange correlation
hgecreases slowly witkJ, which lead to the gap for LaCeO

interactions between the electrons with the same spin, t
position ofe (T1]) are only related to the exchange param-
eterJ, not toU And the shift of 1.0 eV ofe2 in Fig. 2(b) is

of the order o£J (J=0.95 eVJ. It has been known from Fig.
1(a) that the gap of LaCr@increases witiJ varying from

Cr* jons, which increases with [see Fig. 1b)]. Thus, with
the increase o) (>5.0 eV), theeST orbital shifts slowly to

lower energy region, which results in the decrease of the gap

for LaCrO;, whereU is larger than 5.0 eV as shown in Fig.
1(a). Due to the small deviation between th@ , AV’

in Fig. 1(a) varying with a small slope.

The occupied bands of Mn ions in LaM@@retngegT
and both the occupledéT andt2 1 orbital in Fig. 3 changes
S|gn|f|cantly withU. When aU of 3.0eVandiof 0.95eVis

0.0 to 5.0 eV and then decreases slowly with the increase gfdded, thdng orbital in Fig. 3b) is located in the energy

U. From the partial DOS of O2, which are indicated by the
dotted lines, in Figs. @), 2(c), and Zd), it is found that the

region below the O @, while for LaCrG; in Fig. 2(b), the
top valence bands are mainly contributed ﬁéw This is

weight of the O D spectrum moves towards higher energy due to the stronger correlation interaction in LaMyi@an in

region (closer toEg), and in Fig. 2d), it is very clear that

LaCrQ;, which results in the gap for LaMnQin Fig. 1(a)

the O 2 bands have reached the top of valence. The higrhcreasing at a smaller range of the Va|uabt0 3.0eV

peaks of O P in Fig. 2(b) are mainly located frorr=r5 0 to

than in LaCrQ (0 50 e\o The unoccupledelT band

by tng while in Fig. 2c¢), O 2p bands together wnlnng

is similar to that of LaCr@. With the Iarger value oU the

contribute to the tOp of valence. Thus, it can be CO”C'Ude(bap of Laan decreases S|0w|y' which is ]ust the same as

that when thelU added is small £5.0 eV), the top of the
valence bands are mainly contributed l@}ﬂ and the gap
for LaCrOs is determined by the splitting between ttﬁgT
and egT where thetng always shifts sensitively to lower
energy region with the increase &f (the corresponding
compound is the so-called Mott-Hubbard-type insufzhor
Therefore, the gap for LaCeQincreases obviously with
increasing from 0.0 to 5.0 eV. Whdu continues increasing
(U=5.0 eV), due to O P bands becoming the top of the

that of LaCrQ.

Due to the half-filled of Fe ionst§;Te;7) in LaFeQ, the
spin-up bands are located below tBe and the spin-down
states are above tHg: in Fig. 4. From Fig. 1a), it is seen
that the characteristic of gap for LaFg@hanging withU is
not similar to the case of LaCeCand LaMnQ; the gap in
LaFeQ, always increases with the increase Wf although
the slope is not unique. Thed3orbitals of LaFe@ become
very narrow and sharfmamely very localizedafter adding a

valence bands, the gap is mainly determined by the positiot of 3.0 eV andJ of 0.95 eV in Fig. 4b). From Figs. 2b),

of e T band. (The gap belongs to charge-transfer /e
Due to the strong hybridization of Cr ¢3-O (2p) orbitals,
someey electrons still occupy the Mndorbital in the en-
ergy region hybridized with O 2's. And it was found that
the small occupancy of electrons at spmeﬁoorbltals nT

increases with the increase tf, while nig decrease r(e
>nl by about 0.8). From Eq.(1), it is known that the
shlft of potential of egT orbital AV'= U/2(nT )
—JI2[M — (nT —n} )1, whereM is the magnetic moment of

3(b), and 4b), the positions of the occupiedi states in the
compounds move gradually to lower energy redionFig.
4(b), both the occupied3 gTe 1 are almost completely lo-
cated below the O 2], which mean the correlation interac-
tion between electrons increases inM@; with M varying
from Cr to Fe. Since after considering theinteraction the
top valence bands are mainly contributed by @ #hich is
not sensitive to thé&) parameter, the gap of LaFg@® deter-
mined by the position of the unoccupw%l In Fig. 4, the
unoccupied? g4 Orbitals move to higher energy region with
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FIG. 2. The total and partial DOS of LaCg@btained by using FIG. 3. The total and partial DOS of LaMn®@btained by using
different values ofU: (a) without the on-site Coulomb interaction different values ofU: (a) without the on-site Coulomb interaction
(U,J=0.0 eV); (b) U=3.0 eV;(c) U=5.0 eV;(d) U=8.0 eV. In (U,J=0.0 eV); (h) U=3.0 eV;(c) U=5.5eV;(d) U=8.0 eV. In
(b), (c), and(d), Jis fixed at 0.95 eV. The shaded areas indicate the(b), (c), and(d), J is fixed at 0.95 eV. The shaded areas indicate the
partial DOS of Crd orbitals. The dotted lines i), (c), and (d) partial DOS of Mnd orbitals. The dotted line gives the Fermi level.
gives the partial DOS of O 2 orbitals. And the vertical dash lines

show the Fermi level. that thet,, electrons have more localized property thegs
(Ref. 9 [U(tyg) >U(ey)], thet,, orbitals are more sensitive

U varying from 0.0 to 8.0 eV, which cause the gap increase$o the values of the on-sitd. In Fig. 4, the splitting between

almost linearly in Fig. €a) with U in the corresponding re- unoccupiedey andt,, becomes smaller with) increasing.

gion. From the above discussion, it is found that although th&hat means thet,; moves to high-energy region more

gaps of LaFe@ and LaCrQ (LaMnQ;) all increase first quickly thaney. Thus, wherey becomes the lowest conduc-

with the increase olJ, the mechanisms of causing the in- tion bands, the gaps of LaFg@ill increase slowly.

crease are different. The gap of LaRel@creasing slowly Since all 3 electrons {,4,€,) are supposed to be local-

whenU>8.0 eV may be due to the different on-site interac-ized and influenced by the on-site Coulomb interaction, the

tion strength between thigy and ey electrons. It is known position of the occupied orbitals have large shift to lower
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method provided more appropriate description for the per-
ovskites. However, the LSDAU, did not give good results

for gaps in the compound&ee Table ), although it de-

e scribed the position of, orbital well. In fact, it is impossible

to separate precisely the electrons in the distorted crystal as
t,, andey because the distortion leads to the mixing between
the two kind of electrons. Therefore, how to choose localized
orbitals is a problem in the LSDAU program when dealing
with transition-metal perovskite oxides.

ParamagnetidPM) ground state has been studied for
LaCoQ; and LaNiG,. After taken the on-site Coulomb inter-
action into account, as shown in Eq®) and (3), there are
still bands across thEg in LaNiOs, although the width of
£ | the valence band is larger and some of therbitals move
o2 2 away fromEg to lower energy region. LaNi©having me-
tallic bands is in agreement with experimental results. For
e’ €y Lasd LaCo0;, metallic bands were obtained by using the standard
LSDA method[see Fig. 18)], while, in experiment, the in-
sulating bands with a gap of 0.3 efRef. 25 had been ob-
served. When the on-site Coulomb interactidmvas consid-

[ e At M e A Aoy ered, the gap could be o%enéed. In Figa)l the gap of
(¢) U=6.06V, J=0.95eV LaCoQ; (ionic conf|gurat|ort_2geg) appears whetJ reach_es
a00 about 1.2 eV §=0.95 eV. It increases to 0.85 eV whanis
£ equal to 4.0 eV. Then the gap decreases, and drops to zero
02p 29 with the continuous increases bf. When the value of the
o on-siteU parameter is about 6.5 eV, the PM LaCplas a
 Lasd gap of 0.3 eV. From Eqg2), it is known that the gap should
always increases with increasirlg in the integral occu-
pancy. In fact, there exists stronger hybridization between
the transition-metal ions and oxygen, Cdj3and O(2) in
e — LaCoG; than in compounds with transition-metal iohé
YosToesAow R TEr e =Cr, Mn, Fe, due to the short bond length of Co-O. Some
s00 |, (@) U=8:08V, J=0.95eV electrons occupied they; bands, which should be empty in
the case of integral occupancy. And more electrons would
occupy theey bands with the increase &f. When the num-
ber ofe, electrons reaches a certain value, the potentia}, of
orbital V(ey) in Eq. (2) becomes negative. The, orbital
will then shift to the lower energy region; as a result, the gap
will decrease and even drops to zero.

From Figs. 2—4, it can be seen that the exchange splitting

between the occupiedy| (e41) and unoccupiethy| (€4l)

G-AFM LaFeO,
00 | (@) U=0.0eV, J=0.0eV

200

100

E1 2 3 4 5 6 7

F
(b) U=3.0eV, J=0.95e¢V
300

200

100

Density of States (eV ™)

200 |-

100 |+

200 |- O2

100 |

0

o)

4098 -7-6-5-43-24101 223845878 increases almost linearly withJ. When the occupied
Er toyT (e47) levels moves to lower energy with the increase of
Energy (eV) U, they become more difficult to lose electrons. It has been

_ _ ) found that there are more electrons occupyingtige (eyT)
_FIG. 4. The total and partial DOS of LaFg@btained by using  pands. On the other hand, the little occupancy of spin-down
different values ofU: (a) without the on-site Coulomb interaction electrons in the occupied states are found to be much smaller

(U,J=0.0eV; (b) U=3.0 eV:(c) U=6.0 eV;(d) U=8.0 eV.In ¢, om0, (M=Cr, Mn, Fe) with the increase df. Those
(b), (c), and(d), Jis fixed at 0.95 eV. The shaded areas indicate the 3 B . .
partial DOS of Fed orbitals. The dotted line gives the Fermi level. features cause the local magnetic momentddh LaMOs

perovskite increase linearly withh as shown in Fig. (b).

The LSDA's results, shown by “diamond” symbols are also
energy range, and even become lower than theg@vBen a  given in the figure for comparison. As shown in Table II, the
largerU is considered. But, in experiment, it was found thatmagnetic moments of these compounds are significantly im-
the occupiede; band is located above the Op2for  proved and are closer to the experimental results when the
LaMnO;,,* which may be due to the itinerant propertyegf  on-site Coulomb interactiob is considered. Since all tha
electron. Solovyewet al® have studied the perovskites by orbitals are less than half-filled, the occupancy of electrons is
two LSDA+U methods, in one method allelectrons were the largest for Fe ion, and the least for Cr ion, the value of
considered as localized ones, whereas in the other methadoment for Fe ion in the range of 3.8—4.4 is also the
only t,4 electrons were considered as localized, andehe largest, that of Cr ion being the least is about 34, and
ones were treated as itinerant in the scope of the standattat of Mn ion is in the middle and closer to that of Fe ion.
LSDA approach. They believed that the second LSB4, Figures %a) and 3b) give the Hubbard energy, which
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reflects the strength of correlation interaction, and the bindare also studied in the present paper. We have fixedJthe
ing energy (per formula unit M) of LaMO; (M parameter equal to the values listed in Table Il for the re-
=Cr, Mn, Fe, Co, Ni), respectively. It is noted that there arespective compounds, then varied thparameters from 0.35
similar features in the two figures. The small empty trianglego 0.95 eV. The variations of gap and magnetic moment with
on the dotted line in Fig. & represent the result of Jare shown in Figs. @) and Gb), respectively. The slopes
LaMnQs. It is very close to that of LaFeQ The small dis- of the curves in the two figures are smaller than those in
parity between the Hubbard energies of LaMn@nd Figs. X&) and Xb) for U. Both the gaps and the magnetic
LaFeQ, may be due to the small difference between theirmoments shown in Fig. 6 vary almost linearly with the ex-
structural constant$:® In Fig. 5a), all the values of the change parameteds|tis found that the splitting between the
Hubbard energy increase with and the correlation interac- occupied spin-up and the unoccupied spin-dowg (eg)

tions are stronger with the increase of the number of locallevels increases with increasidg similar to the effect olJ

ized electrongfrom CrP* to Ni®*), whenU is not too small. mentioned above for MOz (M=Cr, Mn, Fe). Thus, in

In the case of LaCo@and LaNiQ,, the energies are negative LaFeG; (the half-filledd orbital), the gap increases with the
whenU is in the range of about 0.0 to 1.0 eV and the enerincrease ofl. It has been shown that gaps in LaGré@nd

gies of LaCoQ is higher than that in LaNiQ which are LaMnOs; with larger value ofU are determined by the posi-
related to the property indicated in Eq8) and(3). In gen-  tions of unoccupiee,| levels(see Figs. 2 and)3which are

eral, the value oU is larger than that od, and the correction related directly to the value af. Since the unoccupie€,]

term in Eq.(3), which can be written in a simpler form, band in LaCrQ shifts downwards by the order gfJ, the
AE=[(U=0)/2]2 1, [Nm.(1—np,) ], are positive. When gap of LaCrQ decreases with the increasidgn Fig. 6(a).

U<J (J=0.95 eV}, however, the correction term becomes The case for LaMn@is similar to that of LaCr@. From
negative, which cause the Hubbard energies of LaCa@  Egs.(2) and(3), where only the correction term with same
LaNiO3; becoming negative whed is in the range of 0.0 to spin is considered, it is known that the increasel eheans
0.95 eV. The binding energies in Figib are given by using the decrease o) when J is presumed to be unchanged.
the results without the on-site Coulomb interaction as referConsequently, the increase of the valueJofrom 0.35 to
ence. It is found that the binding energies for the perovskite®.95 eV for LaCoQ in Fig. 6(a) corresponds to the decrease
with the U, J interaction considered are lower than those ob-of the value ofU around 6.5 eV in Fig. (), namely, the gap
tained by the standard LSDA, and decrease with increasinipcreases. Since the exchange splittings between the occu-
U, except for the binding energies for LaCp@nd LaNiG piedtggT(egT) and the unoccupietggl(egl) increase with

with U in the range of about 0.0 to 1.0 eV, which corre- both J and U, all the local magnetic moments of the
sponds to the range in Fig(é, where the Hubbard energies transition-metal ions in sl O; increase linearly with), as

are negative for the two compounds. From Fig&) ®nd  shown in Fig. 6b).

5(b), it can be seen that the higher the Hubbard energy is, the Since the on-site Coulomb interactibhand the exchange
lower is the corresponding binding energy. It is known that i )

the Hubbard interaction term added affects not only the total TABLE Ill. A group of parametersU and J (in eV), which
energy, but also the components of the total energy, such égproduce results close to that of experiments listed in Tables | and
the exchange correlation, traditional Coulomb, and kinetic -

energy. The structures should be more reasonably describéd
by the LSDA+U method. So, the binding energies may be-
come lower when the on-site Coulontbinteraction is con- y 5.0 55 6.0 6.5 7.0

sidered. J 0.5 0.5 0.6 0.65 0.65
The affects ofJ on the gaps and the magnetic moments:

LaCrO; LaMnG, LaFeG LaCoG; LaNiOg
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FIG. 6. (a)The gaps of perovs-
kites LaMO;, M=Cr, Mn, Fe,
and Co versus the exchange pa-
rameterJ. (b) The magnetic mo-
ments atM ions in LaM O3, M
=Cr, Mn, and Fe versus thkpa-
rameter. The parametdJ in the
different compound is fixed at a
certain value as shown in the fig-
ures.

parameted affect significantly on the electronic structures of change much when the on-site Coulomb interaction is con-
the perovskites, it is very important to choose proper valuesidered. The splittings of the occupied spin up baisdsh as

of U andJ in order to obtain results closer to the experimen-t3,1) and the corresponding unoccupied spin down bands
tal results. Table Il gives a group of parameterandJ for (tggl) increase almost linearly with the increaselhfwhile

the perOVSkiteS, which giVe the LSDAU results listed in positions of the entire'y empty Orbital&;uch aseSTl in
Tables | and Il. By comparing with results obtained by the| acr;) are not sensitive to the value bf. These features
standard LSDA in Tables | and II, it is obvious that the cayse the gaps of the compounds to not always increase with
LSDA+U vyields results on both gaps and magnetic mO-the increase of the on-site Coulombparameter; they can
ments which have better agreement with the experiment. Thg\crease (LaFe§), decrease (LaCrQand LaMnQ) or even
results are also compared with that of Mizokallig Hartree  grop 1o zero (LaCog) whenU increases to a certain value.
Fock methogl™ and Solovyewby LSDA+U2)."Itis found  The |ocal magnetic moments and the binding energies of the
that gaps given by Soloveyeare much less than the experi- compounds are also affected significantly by the on-site
mental values, on the other hand, Mizokawa’s restisse  parameter. The magnetic moments increase linearly With
somewhat overestimated, while the present LSDA re-  after considering thel interaction, the binding energies are
sults in Tables | and Il agree much better with the experiiower, and much lower with the increase bf The influ-

to 7.0 eV for perovskites from LaCgo LaNiGs, with J A group of not very large values dff and J parameters,
being of the ordet)/10. The magnitudes of the on-slteare  \hich can give energy gaps and magnetic moments closer to
smaller than those ever used by other researchers within thRat given by experiments, have been presented in the
LSDA+U framework(about 10.0 eV or large™" The val-  present work.

ues ofU andJ parameters may be reduced by various factors

in the crystal(see Introductionsuch as screening, hybridiza-

tion, lattice relaxation and so on. ACKNOWLEDGMENTS
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