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Local approach to electronic excitations in MnO, FeO, CoO, and NiO
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The excitation spectra of the antiferromagnetic transition-metal oxides MnO, FeO, CoO, and NiO are studied
by developing a local three-body scattering theory within a multiorbital tight-binding model. The self-energy
corrections to the Hartree-Fock solutions are carried out by taking account of local three-body correlations.
Thereby the multiplet structures of three-particle states are fully taken into account. It is shown that the
self-energy correction improves drastically the excitation spectra for FeO, CoO, and NiO, leading to the correct
value of the band gap and the satellite structure, in agreement with photoemission experiments. Quasiparticle
dispersions are obtained in good agreement with the angle-resolved photoemission data of CoO and NiO. The
self-energy correction for MnO is found to be quite smgH0163-18206)07043-9

I. INTRODUCTION cordingly in NiO and CoO the first ionized state is found to
have a strong O @ character>?1-2330Thjs differs from

Much attention was paid in the past to the electronchDA findings in that the top of the valence band is predomi-

structure of narrow-band transition-metal compounds. The¥'|atntly of Ni 3d character, and that the OpZbands are lo-
exhibit a variety of electronic and magnetic properties. For

example, the ground state can be insulatin semiconductincm8d well below the Ni 8 bands. A major difficulty of the
p'e, 9 9 Qluster models is that they are unable to describe the energy

me.talllc, supercpnductmg, ferromagnetlc, ferrlmag.netlc, Ol ands  which recently were determined by ARPS
antiferromagnetic. Electron correlations due to their mutua 40-1231-33

Coullomb 'repulsmns are considered to pla){ an Importan Several attempts have been undertaken to improve the
role” In this paper, we concentrate our attention on the Iatei_

: : 4
transition-metal monoxides MnO, FeO, CoO, and NiO. They DA.' we e§peCIaIIy m_ent|on the LD'&% method ?”d a
. O . .. ’self-interaction correction to the LD®3"When applied to
are antiferromagnetic insulators of the second kind with

) ransition-metal oxides, both theories correctly predict an in-
rocksalt structure, and can be considered prototypes of ma-~, .. .

. | ; sulating ground state. They tend to overestimate the charge
terials with strong electron correlations.

. . . transfer, however, and do not reproduce the observed photo-
Electronic band-structure calculations for solids are based .~ )
. . . emission results. Another popular approach is based on a
in most cases on the local-density approximatioBA) to

. . ; o . GW approximation, and accounts for electron correlations in
density functional theory. Calculations of this kind often give . 39 L
. . : >"" the frame of the LDA schem®.For NiO2° the quasiparticle
results in agreement with corresponding x-ray photoemission ! . : .
energies are considerably improved compared with those of

(XPS experiments and bremsstrahlung isoc_hromat spectro%e LDA, but the satellite structure is not reproduced. This
copy (BIS). However, when the LDA is applied to strongly shortcon’ﬂng is ascribed to the fact that B&V approxima-

correlated electron systems such as Higheuprates or tion takes account of bubble-type diagrams but not of ladder-

transition-metal compounds, it shows a number of weaky, e giagrams, giving rise to satellite intensities. Since the

nesses. For transition-metal oxides it underestimates the siggy o already contains correlations to some extent, it is dif-
of band gap by an order of magnitude. It may even predicicyt to see how one can improve a correlation treatment in
metallic behavior for large gap materidlsviagnetic mo- 4 controlled fashion by starting from that scheme. It seems
ments usually came out too small as compared Withpreferable to start from a Hartree-FoHF) approximation
experiments™® The satellite intensity below the valence and then to include the effects of electron correlations. This
band observed clearly in XPS experiments on CoO and NiGs the approach we want to pursue here. Althoa@hinitio
is not reproduced t is puzzling, that in spite of these short- HF calculations for solids have become feasfSlghe inclu-
comings, the LDA bands seem to fit well the energy dispersion of self-energy effects on ab initio level is presently
sions determined from angle-resolved photoemission spetot yet possible. Therefore one has to resort to a multiorbital
troscopy(ARPS).10-12 tight-binding model with parameters determined either from
Another approach which has been applied is the cluster ca cluster or impurity model analysis of experiments. The
impurity model method®%in which transition-metal ions results obtained within the HF approximation resemble those
are treated like impurities in an Op2host. By fitting the  of the LDA+U and SIC methods.
free parameters of that model, it is able to explain The self-energy contributions are evaluated on the basis
the experimental data of XP&31517-24B|g1821-23 ragq.  of the three-body scattering theory proposed by one of the
nant photoemissiotf?°2°-2" and core-level photoabsorp- present authord:*? This theory was originally developed in
tion.2*2223For NiO and CoO these analyses suggest that therder to study the effects of electron correlations on ferro-
gap is of charge-transfer typ&2?®instead of the conventional magnetic Ni. From the theory of Kanamdfithe effects of
Mott-Hubbard typ€;?° that is, the & bands are split into multiple hole-hole scattering are known. Although that
upper and lower Hubbard bands separated by a Coulomtheory seems particularly valid in the limit of low hole den-
energyU, with the oxygen band placed between them. Ac-sities, it proved insufficient in order to account for the ob-

?xperiment
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54 LOCAL APPROACH TO ELECTRONIC EXCITATIONSN . .. 13567
served photoemission spectra of ferromagnetic Ni nfétal. ments of XPS, BIS, OKa XES, and ARPS. Section IV
To improve the situation, theories were proposed which alsgontains concluding remarks.

take into account multiple electron-hole scattefttéf The

three-body scattering theory proposed by one of the Il. FORMULATION

authoré>“?is based on Faddeev’s equatffrand treats si-
multaneously multiple electron-electron, hole-hole, and
electron-hole scattering processes. This theory considerably H=H,+H,, 2.9
improved the results of the low-density approximation, and

successfully described the excitation spectra by using a

simple Hubbard-type model. This success suggests that the HOIE Ed(m)nf'm(,+2 Epnﬂ(,

creation of many electron-hole pairs neglected in that theory 'me o

is of minor importance except for small excitation energies.

We employ a multiorbital tight-binding model defined by

Solving the Faddeev equation is quite difficult for a mul- +> > (tfjn‘q”j,diTrm,pjh,ﬂL H.c) (2.2
tiorbital tight-binding model which has to be used for a (i.j) olm
guantitative comparison with experiments. Therefore we
make a local approximation which limits the three-body scat- +> > (tﬁ"».rp-ﬁ Pirs o+ H.C)
tering processes to different transition-metal sites. This ap- Gaj’y oll’ e
proximation is expected to cover the most important correla-
tion effects, but a future improved theory should also take +> > (tidrg i'm'diTmodi’m’a+ H.c),
into account the local correlations on the O sites. It has been (i,i'y omm' ’

shown that the local approximation works well for ferromag-

netic Ni, and yields an excitation spectrum in good agree-

ment with photoemission experimerifs-ere we extend the Hi= %Ei , VEV , 9(v1vzvava)dy,,dl, di, by (23
formulation to unit cells with several atoms and nonvanish- e

ing off-diagonal matrix elements of the Coulomb part of theHo represents the kinetic energy. Operatdrs, and pj;,,
Fock matrix. A short account of the application of this theorydenote the annihilation of an electron with spirin the 3d
to antiferromagnetic NiO has already been repof?eWe orbit m of the transition-meta{TM) sitei and the annihila-
shall demonstrate that the self-energy calculated in this watjon of an electron with spiwr in the 2p orbit| of the O site
for transition-metal oxides results in a transfer of spectral, respectively. Number operatons;,, andnf},, are defined
weight, a shift of the @ levels, and the appearance of satel-by nf,,=dh,dim,. andnfi,=p},,p;,. The transfer inte-
lite structures. The excitation spectra of NiO, CoO, and FeQyrals tﬂﬁ,“. tJP|pj’|' , and tidm ' are evaluated from the
are thereby drastically improved, and are found to be in goo®|ater-Koster two-center ir{tegramqg), (pdw), (ppo),
agreement with the XPS, BIS, and Ka x-ray emission (pp), (ddo), (ddw), and @ds).5* A point charge crystal-

spectroscopyXES) experiments? For MnO the self-energy field splitting (1Mq) is taken into account so that thed 3
contribution is found to be small. This is related to the half-grpital energies are split according E)d(eg): Ed+ 6Dq,

filled 3d shell of Mn. It should be noted that the theory gnd Ed(tzg)zEd—4Dq. Thed-level position relative to the
considered here contains bubble-type diagrams, despite thelevels is given by the charge-transfer enefggefined by

restriction to on-site scattering processes. ~ A=E4—E,+nU for the d" configuration. HerelU is the
In Sec. II we formulate a local three-body scatteringmultiplet-averagedi-d Coulomb interaction given by =A
theory for the multiorbital tight-binding model. In Sec. lll, —14B/9+ 7C/9. H, represents the intra-atomic Coulomb in-

the theory is applied to antiferromagnetic MnO, FeO, anderaction on TM sites. The Coulomb interaction on O sites is
CoO, and NiO. The results are compared with the experineglected. The interaction matrix elemegty,v,vsv,) is
written in terms of the Racah parametérsB, andC, where

TABLE |. Parameter values for the tight-binding model of the abbreviation stands for(m,o).

MnO, FeO, CoO, and NiO in units of eV. We determine most parameter values from a cluster-
model analysis of photoemission spectta?>The values for
Parameter MnO FeO CoO NiO (ddo), (ddwr), and ddd) cannot be determined from the

cluster-model analysis, and therefore we set them close to

A 3.9 5.5 5.2 >.6 Mattheiss’ LDA estimate3> Among the Racah parameters,
B 0.12 0.13 0.14 0.13 B andC are known to be little screened by solid-state ef-
C 0.41 0.48 0.54 0.60  fects, whileA is known to be considerably screened. Bor

A 8.8 7.0 5.5 5.0 andC we use the atomic values, but regard the valua af
pdo 13 13 13 14 an adjustable parameter so as to obtain a reasonable satellite
pdm —-0.6 -0.6 —-0.6 —0.63 position. As a result, we find a value Afwhich is roughly 1
ppo 0.55 0.55 0.55 0.60 eV smaller than that obtained from the cluster-model
ppw -0.15 -0.15 —-0.15 —-0.15 analysis?® Table | lists the parameter values used in the
ddo -0.23 —-0.29 —-0.25 -0.23 present calculation.

ddmw 0.025 0.030 0.058 0.10 For MnO, FeO, CoO, and NiO we assume an antiferro-
dds —0.005 —0.004 —0.006 -0.01 magnetic structure of the second kind, and divide the TM
10Dq 0.70 0.70 0.70 0.70 sites into two sublatticed andB. In Ref. 49, for NiO, we

described the procedures to make the HF approximation and
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to calculate the self-energy. In the following we mention GY i) =—i(Td(1)d], . ,(0), (2.8
mainly the altered points to deal with the complicated situa- me.me {TChmo (1) (01
tion of FeO and CoO. )

In the HF approximation for NiO, we defined thel ®r- GIP o (1410 = =T (101D, (0))), (29
bits bym=xy, yz, zx, x*—y*, and Z“—r*, with x, y, andz

referring to t?e crystal axes. In this case only the diagonal, hare T is the time ordering operator,) denotes the
parts of (g|d/,d;,|g) (with |g) denoting the HF ground average over the ground state, amt}, (t)=expli(H
statg remain as nonvanishing elements. For FeO and COO*MNe)t]dim exp[—i(H— uNy)t], with « andN, denoting
however, the off-diagonal parts do not vanish, complicatinghe chemical potential and the number operator of electrons.

the self-consistent determination of the HF potential. ThisWe takeHO+H:*F as the unperturbed Hamiltonian, and cal-

requires matrix forms of the on-site HF energies for the 'aterculate only the diagonal part of the self-energy with respect
calculation of the self-energy:

to TM sites. This gives the main contribution to the self-
energy, since the Coulomb interaction acts only on TM sites.
€ipiy' = > (enx—mo) i (iv)fa(iv'), (2.4  For calculating the self-energy, we need to introduce the
nkeF three-particle statefR;i,v,,v,,v3),|A;i,v1,v,,v3), Which
are defined by Eq92.12 and (2.13 in Ref. 49. Although
- _ _ * i - they are orthogonal to each other for NiO, they are not or-
€iniv= 2_(enx=po) i) fuiliv). 29 thogonal for FeO and CoO. Their overlap matrige® and

. . _ x ™ are given by
Here the HF eigenvalues are classified according to momen-

tumk and band labeh, and are denoted &, . The corre-

nkeF

. . . . R — i .
sponding wave functions affg ((imo) andf,, ((jl o). Sym- Xi( )Vlvzys,yivéVf(R,',V1'V2:V3|Rv',Vi V3,V3)
bol F represents the Fermi volume, i.e., the volume occupied _
by electrons in momentum space, giglis the HF chemical =iy vy Mivy i) Nivg ivg

potential. In addition, the density matrix, ;,» for electrons
andn;, ;. for holes are also necessary for the later calcula-
tion of the self-energy. They are defined as

—n nivz,iv'nivs,ivév (210

H R
ivy.iv, 1

(A) _ o o ’ ! ’
. . Xi w!iv! ’=<A,|,V1,V2,V3|A,|,V1,Vz,V3>
niy’i]}’= 2~ f:’k(lV)fn’kUV,), (26) I Vvov3, Vv, Vg o o
nkeF =iy i My i Mivg ivg
Miv= 2 fhidin) fuiv). (2.7 iy i Mg (210
nkeF

The mean energies of an electron and a hole in arbitsite  In the presence of the nonorthogonality, the Hamiltonian ma-

i defined ase;, and e;, in Ref. 49 are now given by trices expanded within the three-particle states are to be

€,= €,/ Niyi, ande, =€, 1, /Ni,i, . modified from Eq.(2.16 in Ref. 49. With the notations
The single-particle Green’s functions are introduced inAH=H—(g|H|g) and AN.=N.—(g|N.g), the Hamil-

the same form as before, tonian matrix for the retarded part is expressed as

VLV

[H(R)]iVlVZVS;iV:,L é éE<R;i!V1!V2’V3|AH_IU'OANE|R;i’Vi ,Vé,Vé>

’

3

’

é+ni”1 3

= niVl,ivinivz,ivéeivs,ivé_ nivl,i Vénivz,iv:’leivs,iv ,ivifi V2,iVéniV3,iV - nivl,ivéfi V2,iV:,LniV3,iV

— —_— 1), . .y
+ 6iVl,ivinivz,ivéniv?),ivé_ 6iVl,ivénivz,iviniv?’,ivé—’—nivl,ivig( )(I Vo, v3z,l Vo Al V3)

l . . . ’ . ’ l . . . ’ . ! 1 . . . ’ . ’
+niv2,ivég( )(I V1,1 v3,l V1!|V3)_nivl,ivég< )(I Vo,l V3!|V]_ i1 V3)_niv2,ivig( )(I Vy,lvg,l Vs ,! VS)

iy i@ (v iva vy ivy), (2.12

with

l . . . . _ 1 e -
g( )(|V2,|V3,|Vé,|1/é)= E zg(lu‘ll‘l‘ZIu’3lu‘4)[_(niVz,ilulniﬂz,ivéniV3,i,u,4ni/13,i1/é)
MMM 4

— (M1 po, g pg) F (1= po) + (3 1) 1 (2.13
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TABLE II. Local-spin moment calculated by means of the

9@(ivy,ive,ivivh)= X io(mipomans) LDA, the HF approximation, and including the self-energy correc-
Kikoksma tion in units of ug , in comparison with the experiments.
XLy g Mivg Mg iy Migg i) LDA HFE HF+S Expt.

tluropo, uz=pma) =~ (K12 K2)  MnO 419 4.82 480 4.7%Ref. 5, 4.58(Ref. §
s ], _ FeO  3.39 378 375 3.3Ref.3

(3 pa)] @19 o ze1 277 274 3.3Ref. 6, 3.8 (Refs. 3 and ¥
In Eq. (2.12), the second, third and fourth lines come from Nio 094 175 1.72 1.77Ref. 5, 1.64(Ref. 4,
the HF on-site excitation energy for two electrons and one 1.90(Ref. §
hole. The remaining terms represent interaction contribu
tions. In Egs.(2.13 and(2.14), the second, third and fourth
terms in the square brackets are given by the first term, exself-energy correction to the HF solution by following the
changing the indices as indicated in the round brackets. Therocedure given in Sec. Il. For the sake of comparison, we
Hamiltonian matrix[I:|(A)]i,,l 1) for the advanced also carry out an LDA calculation with the use of the muffin-

V2V3;iViV v kX .
part is obtained by exchanging the role of the electron andn Korringa-Kohn-Rostoker method. The resultzs are essen-
lly the same as those obtained by Terakeiral:

hole in the expression for the retarded part. We do not sefd
down this expression explicitly.

Treating carefully the nonorthogonality between the A. MnO
three-particle states, and using EQ.12 and the corre- Table Il lists the local spin moment calculated from Eq.
sponding form for the advanced part for the Ham|It0n|an(2_16) in comparison with experiments. The LDA underesti-
matrix, we calculate the _reso_lvent and thereby the selfi5ies the size of the local-spin moment. The HF approxima-
gnergyddThe Green’s functions in the momentum representdysn, yields a larger value, leading a good agreement with the
tion GZ1, o (K,@),GY Ly, (K,0) are calculated by experiment. The calculated value ggindicates that almost
inserting the self-energy into the Dyson equation. Here thel five Mn 3d orbits are occupied by electrons with majority
indices 7 and 7' designate the atoms in the unit cell. The spin, due to Hund’s rule coupling.
Green’s functions contain the chemical potential which Figure 1 shows the spectral density of MnO. It is noticed
differs from its HF valueu,. However, the shift of the that the LDA gives too small a band gap. The HF approxi-
chemical potential does not affect the shape of the spectrahation increases the size of the band gap to 5 eV, in agree-
function where a large band gap is present. Therefore we dment with experiment. As for the valence band, both the
not determine the shift of the chemical potential, but simplyLDA and the HF approximation give similar results. The
assume that the Fermi level is located somewhere in the gap.
Note that the Green'’s functions consist only of discrete poles
on the realw axis.

The spectral densitigs?(w) projected onto TM @ orbits
and p®(w) projected onto O @ orbits are evaluated from

1
pol@)==sgre) g 2 IMGL, my(K,0),

. (2.15 >

Plw)=— — pp ‘B
pol@)=—sgrie) g 2 IMGER, ny(k,0), 5
c

whereN represents the number of unit cell. Also the local
spin momentM 4 on TM sites is evaluated from

Ma=ns|” i@ -plo)do. (218

Ill. RESULTS AND DISCUSSIONS . . .
-10.0 -5.0 0.0 5.0

In this section we present results of calculations based on ® (V)
the tight-binding model with the parameter values given in
Table I. We carry out the HF calculation self-consistently, g 1. Spectral densities projected onto Md States(solid
thereby assuming an antiferromagnetic order of the seconghes and 0 2 states(broken lines, calculated by means of the
kind. We use a rhombohedral unit cell containing two TM | pa, the HF approximation, and including the self-energy correc-
atoms and two O atoms on a fcc lattice. By using 512 sampl@on. An imaginary part 0.01 eV is added to the HF energy eigen-
points in the first Brillouin zone, we continue the iteration values. An imaginary part 0.01 eV is also added to the energy
until the sum of the square root of the HF self-energy coneigenvalues ofi(") andH(®. The origin of thew axis is set at the
verges with an error less than 10eV. Then we make the top of the valence band.
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MnO
LDA HF
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Intensity
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o

FIG. 2. Spectral density projected onto Mml Ztates(solid
lineg) in comparison with the XPS and BIS specttaoken lineg

for MnO. The dotted line shows the contribution of the majority- “or T e |
spin states. 60

spectral density projected onto Mrd 3tates is mainly situ- 8ol 1 |
ated in the upper part of the valence band. Pegkanda, ' _/\_
come fromey andt, states with majority spin, respectively. 100
On the other hand, the spectral density projected ontgO 2 °r XT X
states is concentrated in the lower part of the valence band.

At the top of the valence band it is smaller than the LDA FIG. 3. Dispersion relation of quasiparticles with momenta

value, suggesting an insulator of typical Mott-Hubbard typfe.along theT’(0,0,0-X(7/a,0,0) line for MnO, calculated by means
The small O  character at _the top of the valence bf”md ISof the LDA, the HF approximation, and including the self-energy
due to the large value df, which reduces the actual mixing ¢orection. The origin of quasiparticle energies is set at the top of
between O § and Mne, orbits (o bonding. The conduction e valence band.

band given by the HF approximation is quite different from

the one given by the LDA. Peaks andb, come fromt,,
ande, states of Mn with minority spin, respectively. curves near the upper part of the valence band are rather flat,

The self-energy correction is found to be very small. itthey are very dispers_e at the lower part of the_ valence band.
merely induces a weak satellite structuresat—9 eV below The former result mainly from Mn @ states, while the latter

the valence band, and slightly reduces the size of the barfgSult from O 2 states.
gap from its HF value. One reason for the small self-energy
is that electron-hole pair creations are much reduced when
minority-spin states are nearly empty, as is the case for Mn.

Figure 2 shows the spectral density projected onto Mdn 3  As shown in Table Il, the HF approximation yields a
states in comparison with the XP8ef. 20 and BIS value of ~3.8ug for the local-spin moment, which is larger
spectré?! The cross section in XPS experiments withthan its LDA value. This suggests that each Fe atom is close
fw>10% eV is an order of magnitude larger for thel 8rbits  to the high-spin state of thed8 configuration, a result of
of Mn than for the 2 orbits of O. The XPS spectra consist Hund’'s-rule coupling. Inclusion of the spin-orbit coupling
of a shoulder, a peakB, a broad structur€, and a satellite may further increase the total magnetic moment by inducing
structureD. These structures are well reproduced in the HFan orbital moment. The experimental value of the local-spin
calculation(no satellites exist in this approximatipand in  moment is smaller than the calculated one. The reason for
the present theory. The experimental intensity around @eak the discrepancy is unclear at present.
looks larger than the calculated one, indicating that the con- Figure 4 shows the spectral density of FeO. Although this
tribution from the spectral density projected onto @sates material is an insulator, the LDA predicts a metallic ground
should be added to the calculated XPS intensity in this enstate. The HF approximation leads to a band gap as large as
ergy region(the cross section for Op2orbits is as much as 4 eV. Also it considerably changes not only the conduction-
about 18% of that for Mn 8 orbits).?! StructureD corre-  band but also the valence-band contributions. The spectral
sponds to the excitation of three particles. The BIS spectraensity consists of several peaks. Paakomes from thé,,
correspond roughly to the calculated spectra of the conduaninority-spin states of Fe. They hardly mix with @ 2rbits
tion band. They should not be directly compared to the cal{m bonding. On the other hand, pea comes from theg,
culated one, though, since Mrs4&tates contribute substan- majority-spin states of Fe, which mix strongly with Qp2
tially to the BIS spectra. orbits. Therefore this peak contains a considerable number of

Figure 3 shows the dispersion relation of quasiparticle$D 2p states. Peak; comes from the,, majority-spin states
with momenta along th€(0,0,0-X(7/a,0,0) line(a denotes of Fe. On the lower part of the valence bafe—4 eV),
the lattice constait Since the self-energy correction does both Fe 3 and O 2 spectral densities are distributed with
not cause any appreciable change, we have omitted the reearly equal strength over a wide range. The conduction
sults. For the valence band, the dispersion curves of the LDAand consists mainly of Fed3states. Peakls; andb, come
are quite similar to those of the HF approximation. While thefrom thet,, ande, minority-spin states, respectively.

B. FeO
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FeO
LDA HF HF+Z
6ol | SV NSO ———
2.0 Lo /—../———77____‘4:::7____._.__,
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0.0 +
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-10.0

Energy (eV)
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FIG. 6. Dispersion relation quasiparticles with momenta along
theI-X line for FeO, by means of the LDA, the HF approximation,
and including the self-energy correction. In the right panel, many
flatbands coming from the poles of the self-energy are omitted
when their intensities are weak. The origin of quasiparticle energies

FIG. 4. Spectral density projected onto Fé @tateg(solid lineg 1S Set at the top of the valence band.
and O 2 stategbroken line$, calculated by means of the LDA, the
HF approximation, and including the self-energy correction. An  Figure 5 shows the spectral density projected onto &Fe 3
imaginary part 0.01 eV is added to the HF energy eigenvalues. ARtates in comparison with the XPS speéfra'.he XPS spec-
imaginary part 0.1 eV is also added to the energy eigenvalues gt consist of a broad peak, a shouldeB, and a satellite.
H and H®. The origin of thew axis is set at the top of the The calculated spectra are in fair agreement with experi-
valence band. ments; peald corresponds well to peaks, a,, andag, and

The self-energy correction is larger than that for MnO,P€aksB andC correspond well to peaksandd. There exist
and considerably modifies the spectral densities. The banP reliable BIS data for FeO. _ o
gap is reduced te-3 eV from its HF value. A small satellite ~_Figure 6 shows the dispersion relation of quasiparticles
peakd is induced, and the Fed3spectral weight is strongly with momenta.alon.g thE-X line. The dispersion curves of
reduced in the lower part of the valence bapeakc). On  the HF approximation differ from those of the LDA.
the other hand, the peak positioag, a,, andas are nearly
the same as in the HF approximation. This is a consequence C. CoO
of the presence of a pole at=—1 eV in the self-energy, the . o )
contribution of which cancels the other ones in the upper part Within the HF approximation the ground state of CoO is
of the valence band. The spectral density projected onto @oubly degenerate. In the real system a crystal distortion of
2p states shows a reduction of pea% and an increase in the Jahn-Teller type or an orbital Orderlng will lift this de-
the lower part of the valence band. Note that near the top ofeneracy. We expect, however, that such a change of the
the valence band the Op2contribution is very small, indi- ground state does not cause any noticeable change in the
cating that the system is close to an insulator of the MottEXcitation spectra, since the spectral densities are nearly in-
Hubbard type. As for the conduction band, a satellite is obdependent for the two possible ground states. In the follow-
tained nearo=6 eV, and peaksb, and b, of the HF ing, for the ground state we choose the one having cubic

approximation are pushed down to lower excitation energiests.)ymrlne”y, where thregy, states of Co are equally occupied
y electrons.

[ 1 i < c The HF approximation gives a local-spin moment as large
ANA as ~2.7ug . The self-energy correction changes this value

» | very little. This suggests that each Co atom is close to the
S A high-spin state of the®' configuration. The calculated value
is still smaller than the experimental one. We expect that
inclusion of spin-orbit coupling increases it to a value closer
to the experimental one, since the coupling is known to be
large in CoO.

Figure 7 shows the spectral density of CoO. While the
_5‘.0 00 50 100 LDA predicts a metallic ground state, the HF approximation
o (8V) gives an insulating ground state with a large band gap 4f

eV. Several peaks are found in the upper part of the valence
FIG. 5. Spectral density projected onto Fe Sategsolid lineg ~ band; peala, results from the,, minority-spin states of Co,
in comparison with the XPS specttaroken lineg for FeO. The ~ while peaka, results fromey majority-spin states of Co. In
dotted line shows the contribution of the majority spin states. the middle and lower parts of the valence band, both @o 3

’

Intensity

N\

L
-156.0 -10.0
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Intensity

-15.0 -10.0 5.0 0.0 5.0 10.0
o (eV)

Intensity

FIG. 8. Spectral density projected onto Cad Stateqsolid lineg
in comparison with the XPS and BIS specfiaoken line$ for
Co0O. The dotted line shows the contribution of the majority-spin
states.

middle and lower parts of the valence band the curves are
dispersive. In spite of the above-mentioned failures, the dis-
persion curves of the LDA fit the ARPS data rather well, as
pointed out by Shen and co-workéfs'! This agreement is
FIG. 7. Spectral densities projected onto Cd States(solid spoileq in the HF approximation. T_he self-e.nergy correction
lineg and O 2 states(broken lineg, calculated by means of the again improves the agreement with expe”me”t§- The_ flat-
LDA, the HF approximation, and including the self-energy correc-bands have strong Cod3character, while the dispersive
tion. Imaginary parts are added in the same way as for FeO. ThBands have strong Op2character.
origin of the w axis is set at the top of the valence band.

-10.0 -5.0 0.0 5.0
W (eV)

D. NiO

and O 2 states are well mixed up, constituting a broad peak. As shown in Table Il, the local spin moment is underes-
The conduction band consists mainly of Cd States; peaks timated in the LDA. The HF approximation improves the
b, and b, result from thet,, and e, minority-spin states, value, leading to good agreement with experiments. The self-
respectively. energy correction changes this value little.

The self-energy correction strongly modifies the spectral The spectral density has already been discussed in Ref.
densities. The band gap is reduced~@ eV from its HF 49, We summarize that results and add a few details in the
value. A satellite peak is induced below the valence band, following. Within the LDA, the band gap is found to be very
and another peak emerges with strong three-particle char- small. The spectral density projected onto Ni 3tates is
acter. The latter originates from a pole@t=—3 eV in the  concentrated in the upper part of the valence band, while that
self-energy. The spectral density projected onto ds®tes  projected onto O @ states is concentrated in the lower part
is reduced in the lower part of the valence band, due to a
transfer of spectral weight to the satellite and the upper part
of the valence band. The OpZstates dominate the intensity LDA and ARPS
in the lower part of the valence band, but their contribution is I 1
reduced at the top of the valence band. Thereby the system ——
approaches an insulator of the Mott-Hubbard type. As re- “or 4 T 1
gards the conduction band, the pebksndb, are shifted to T 1 1 i
lower excitation energies, and a satellite appear®-a6.5

CoO
HF

HF+Z and ARPS

ev. 5 OO [t | e S|
Figure 8 shows the spectral density projected onto 80 3 8 o [—e==mee | Zme | = s

states in comparison with the XPS and BIS spetireihe 5, ﬁ 6 tm,_

XPS spectra consist of a peék a shouldeB, a broad struc- o | | o |

ture C, and a satellite structur®. They correspond well to -6.0 _—k 18 |

the peaks found in the present calculation. Around p8ak 50 /‘“‘\/“"\// ~——]

however, the XPS intensity looks larger than the calculated

spectral density, as was the case for FeO. The difference may 0 T X T X

come from the contribution of O states(the cross section

of O 2p orbits is about 6% that of CocBorbits).?* The BIS FIG. 9. Dispersion relation of quasiparticles with momenta

spectra correspond roughly to the calculated spectra for thgong ther-X line for CoO, calculated by means of the LDA, the

conduction bands. HF approximation, and including the self-energy correction. ARPS

Figure 9 shows the dispersion relation of quasiparticlegiata are shown by symbolg, A, O, and. In the right panel,
with momenta along thd™-X line in comparison with the many flatbands coming from the poles of the self-energy are omit-
ARPS datd! In the ARPS data, a very flat dispersion is ted when their intensities are weak. The origin of quasiparticle en-
found around the top of the valence band, while in theergies is set at the top of the valence band.
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model for MnO, FeO, CoO, and NiO. In order to deal with
the complexity of the multiorbital model, we used a local
approximation for the three-particle scattering processes
which are assumed to take place only on the transition-metal
sites. The theory does not only contain ladder-type diagrams
but also bubble-type ones. It is obviously insufficient to ter-
minate a perturbation expansion W after second order,
because of large values &f.>* We showed that the self-
energy correction due to three-particle correlations greatly
150  -10.0 50 0.0 5.0 improves the excitation spectra obtained in the LDA and the
W eV HF approximation. It describes the itinerant character of qua-
siparticles as well as the localized one, and induces satellite
FIG. 10. Spectral densities projected onto Ni &tates in com-  Structure with sufficient intensities. The results agree quite
parison with the XPS and BIS spectra for NiO. The dotted linewell with the experimental data of XPS, BIS, Ka XES,
shows the contribution of the majority-spin states. and ARPS.

In spite of the successes mentioned above, the present
of the valence band. On the other hand, the HF approximatheory also has some drawbacks. One is that three-particle
tion leads to a band gap ef4 eV. At the top of the valence states are restricted within transition-metal sites. This ne-
band, the weight of O 2 states is larger than that of Nd3  glects the corresponding correlations on O sites. It may also
states, implying an insulator of the charge-transfer type. Thé@ecome inappropriate with decreasing values of the charge-
self-energy correction changes the spectrum obtained in theansfer energy, since holes created in the intermediate states
HF approximation drastically. It yields a satellte @=—9  can move easily to neighboring O sites. Including such pro-
eV. The spectral density projected onto Nd 3tates is re- cesses may enhance the spectral density projected onfo O 2
duced in the lower part of the valence band because thstates at the top of the valence band. Another drawback is
spectral density is transferred to the satellite and to the uppéhat the present theory is unable to describe the lifetime
part of the valence band. The spectral density projected ontbroadening of spectral peaks. This is due to the restriction of
O 2p states is reduced in the upper part of the valence bandhe number of three-particle states in the local approxima-
and enhanced in the lower part of the valence band. Th&on. The original three-body scattering theory is able to de-
weight of O 2 states is somewhat reduced at the top of thescribe such spectral widtis.
valence band, but still comparable to that of Ni 3tates. Recently Manghi, Calandra, and Ossiéinproposed a
The system is close to an insulator of the charge-transfethree-body scattering theory applying a “local approxima-
type. See Fig. @) in Ref. 49 for the spectral densities by tion” directly to Faddeev’'s equation. Considering local
means of the LDA, the HF approximation, and including thethree-body correlations, they obtained an excitation spectra
self-energy correction. for NiO which is similar to the present ones. An important

Figure 10 shows the spectral density projected ontodNi 3 difference is that in their calculation the self-energy correc-
states in comparison with the XP8Ref. 23 and BIS tion is implemented on the quasiparticle energies of the
spectrat® Shouldera, at the top of the valence band comes LDA, not on those of the HF approximation. This may cause
mainly from thee, majority-spin states, which mix consid- ambiguities, since the LDA already contains some parts of
erably with O 2 orbits (o bonding. Peaksa, anda; come  electron correlations. The three-body correlations result in an
mainly from thet,y minority and majority-spin states, re- increase of the band gap in their theory, while in the present
spectively. In the conduction band, a satellite structure igheory the gap iseducedfrom its HF value.
generated ab~5 eV, and a peak is shifted to lower energies. The present theory is related to a projection approach,
These structures are in good agreement with the experimentshich uses local operators for the description of electron
Note that the calculated spectral density projected ont@O 2 correlations:® Both approaches give similar results for ferro-
states agrees also quite well withkx XES*%%as shown magnetic Ni*®°” A quite different approach, which aims at
in Fig. 4(b) in Ref. 49. the low-energy sector, is based on a strong-coupling theory

Finally we mention the dispersion relation of quasiparti-of a generalized spin-fermion mod@&lIt describes ARPS
cles in comparison with the ARPS ddfaAs in the case of data for Ni semiquantitatively.

Co0, the calculated curves show a number of nearly disper-
sionless bands and rather dispersive ones along-idine.

Intensity
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