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Quasiparticle energy bands of transition-metal oxides within a modelGW scheme
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We calculate the quasiparticle band structure of NiO and CaCuO2 by using a model self-energy correction
which approximates closely theGW method of Hedin. We obtain energy gaps and magnetic moments in
agreement with experiment. For NiO, our results agree with integrated and angle-resolved photoemission
experiments in the low binding energy region. The spectral distributions of O 2p and Ni 3d states are
discussed, in relationship with the available experimental data. Our results demonstrate that the addition of
self-energy corrections to local-spin-density band calculations provides a meaningful description of many
aspects of the electronic states of transition-metal oxides. As expected, the satellite structures observed in
photoemission experiments are not found in our calculations.@S0163-1829~97!00619-X#
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I. INTRODUCTION

The interest in the electronic structure of the la
transition-metal monoxides~TMO’s! MnO, FeO, CoO, and
NiO ~Ref. 1! has been revived by the discovery of the hig
temperature superconductors, since TMO’s share with
parent compounds of the latter an antiferromagnetic insu
ing behavior, related to the large value of the on-sited
Coulomb repulsion energyU. The local-spin-density~LSD!
band calculations are unable to describe the localized na
of these electron states, and lead to very tiny magnetic
ments and small or vanishing band gaps. Furthermore, t
is a discrepancy between the calculated and observed s
tral weights for metal 3d and O 2p, as well as for their
relative energy locations. On the basis of the above probl
associated with the LSD band-structure picture, and beca
of the success of the localized configuration-interaction~CI!
cluster method2,3 in describing the electronic states
TMO’s, it has often been argued that the former appro
should be ruled out for these materials.

Recent photoemission4–6 ~PES! and inverse-
photoemission6,7 experiments in NiO have shown that bo
the localized and the itinerant pictures have some releva
in the description of TMO’s. In particular, the dispersion
the O 2p bands is well described by the LSD calculation
Furthermore, very recent PES results8 suggest that the firs
ionization states, usually interpreted in terms ofd8→d8L
(L meaning oxygen ligand hole! excitations display also a
large k-vector dispersion, not very different from that o
tained by LSD calculations. However, significant discrep
cies remain between LSD results and experimental d
Since limitations in identifying the Kohn-Sham eigenvalu
as excitation energies of the many-electron system are
known, these discrepancies are not surprising but call
more sophisticated calculations. Alternative approaches s
as the self-interaction corrected density functional theory9–11
550163-1829/97/55~20!/13494~9!/$10.00
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and the model LSD1U method12 have been used, to cure th
LSD pathologies, leading to significant improvements in t
values of magnetic moments and energy gaps. Among
works based on the above methods, however, only the
by Arai and Fujiwara11 provide quasiparticle band structure
which can be compared to the available detailed ang
resolved photoemission results.

A succesful method for calculating quasiparticle exci
tion energies in semiconductors is theGW approximation,13

which represents the lowest order of many-body perturba
theory in terms of the fully screened electron-electron int
action, and gives the electron self-energySGW as the product
of the interacting Green’s functionG times the dynamically
screened Coulomb potentialW. Despite its obvious interest
however, computational difficulties have prevented until
cently its use in TMO’s. This is especially true consideri
that ~apart from some recent all-electron approaches14,15!
most of the implementations of theGW approximation are
based on the plane-wave pseudopotential method,16–18 not
easily applicable to TMO’s. Only recently, Aryasetiawan a
Gunnarsson19 have calculated theGWband structure of NiO,
based on the linear muffin-tin orbital method and with so
approximation in the self-consistency.

Recently, we calculated20 the electronic structure of MnO
using a~self-consistent! model derived from the method pro
posed by Gygi and Baldereschi,21 which reproduces accu
rately the results of a completeGW calculation with a much
reduced computational effort. An encouraging agreem
was found with experiment, in terms of energy gap, magn
moment, bandwidth, and spectral distribution of Mn 3d
states. The weak satellite observed at high binding ene
~BE!, however, was not found, which is not surprising sin
our self-energy corrections are energy independent. In
paper, we report a similar self-consistent calculation of
electronic structure of NiO and CaCuO2. We find a good
agreement with experiment in terms of magnetic mome
13 494 © 1997 The American Physical Society
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55 13 495QUASIPARTICLE ENERGY BANDS OF TRANSITION- . . .
and band gaps. Furthermore, in NiO, the energy location
TM d bands, relative to the O 2p bands, as well as thei
spreading over several eV, is corrected relative to LSD an
in substantial agreement with angle-integrated photoemis
and OKa x-ray emission data. We also obtain a good agr
ment with the most recent angle-resolved photoemission
for NiO, in the low BE region. As in the case of MnO
however, our calculations do not provide the high BE sa
lites observed in photoemission experiments. Compariso
self-consistent and non-self-consistent results stresses
need to include self-consistently self-energy corrections
transition-metal oxides, due to large changes in the electr
wave functions. Our results show therefore that our mo
GW scheme is able to give a reasonable description of
electronic states of these systems, improving significa
upon LSD.

The paper is organized as follows: in Sec. II we descr
the method; test applications to simple semiconductors
reported in Sec. III. In Sec. IV we describe the results
NiO and CaCuO2 and, finally, in Sec. V we draw our con
clusions.

II. METHOD

In the GW approximation, the electron self-energy
given by

SGW~r,r 8;E!5
i

2pE G~r ,r 8;E1E8!W~r ,r 8;E8!dE8,

~1!

whereG is the full interacting Green’s function, andW is the
dynamically screened Coulomb interaction. The latter is
scribed by the dielectric matrix«21,

W~r,r 8;E!5E dr 9«21~r,r 9;E!v~r 92r 8!, ~2!

where v is the bare Coulomb interaction. In the approx
mated method introduced by Gygi and Baldereschi,21 one
separates the self-energy into a short-range and a long-r
term. The short-range term can be approximated by
Kohn-Sham local exchange-correlation potential, while
long-range term takes into account the incomplete scree
of the Coulomb interaction in nonmetals, and decays fa
rapidly in reciprocal space. We start by writing the se
energy as

SGW~r ,r 8;E!5
i

2pE G~r ,r 8;E1E8!WIEG~r ,r 8;E8!dE8

1
i

2pE G~r ,r 8;E1E8!dW~r ,r 8;E8!dE8,

~3!

whereWIEG is the short-range effective potential of a met
lic inhomogeneous electron gas. Following Sham a
Kohn,22 the corresponding self-energy contribution, whi
depends only on the density in the vicinity ofr and r 8
(ur2r 8u<max$lF ,lTF%, wherelF andlTF are the Fermi and
Thomas-Fermi screening lengths, respectively! can be ap-
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proximated by a local exchange-correlation potential@in our
case, the Kohn-Sham energy-independentmxc(r )#.

The second term of Eq.~3! @referred to asdS in the
following, and formally defined through Eqs.~1! and~3!#, is
nonlocal and should contain the contribution from the lon
range part of the Coulomb interaction, incompletely scree
in semiconductors and insulators. It is known that in nonm
als dW behaves asymptotically at large separation
1/(«`ur2r 8u) ~where «` is the static electronic dielectric
constant!, and that the screening properties at short sep
tion are the same for all materials with a given density. W
may now simplify further the problem by assuming th
dW(r ,r 8;E) depends only onur2r 8u, i.e., neglecting local-
field and dynamical corrections. Indeed, calculations h
shown that local-field effects become negligible wh
ur2r 8u is larger than the interatomic distance. Also, the e
ergy dependence ofdS is assumed to be dominated by
plasmon-pole structure around the plasmon frequencyvp ,
which is much higher than the energy excitations conside
We note, however, that the approximation of neglecting lo
fields and dynamical effects is not done on the whole s
energy, but only ondS. Performing the energy integration
in the second term of Eq.~3!, we obtain

dS~r ,r 8!52r~r ,r 8!dW~ ur2r 8u!, ~4!

wherer(r ,r 8) is the one-body density matrix. We write th
Fourier transform ofdW as

dW~q!5
4pe2

Vq2
@«SC

21~q;v50!2«M
21~q;v50!#, ~5!

where «SC
21 and «M

21 represent the diagonal response of
semiconductor and of a metal, respectively. Our experie
for Si has shown that the term in square brackets in Eq.~5!,
written d«21(q), is a smooth function ofq which dies off at
aroundqcut'2 a.u.21 Since, in general, we do not know th
detailed shape ofd«21(q), we used in the present work tw
different models. The simplest one is a step functi
d«21(q)5(1/«`)u(qcut2q), whereqcut is a cutoff param-
eter related to the Fermi or to the Thomas-Fermi screen
length, and the static electronic dielectric constant«` is
taken from experiment. While for simplesp semiconductors
the results depend very marginally on this cutoff, a relativ
larger dependence is found in TMO’s. Tests performed
MnO and NiO as a function ofqcut showed that, in the range
2,qcut,4 a.u., the results are sufficiently stable, with
small increase ('0.03mB) of the magnetic moment and e
genvalue differences changing by'0.2 eV. We use
qcut53 a.u. in the following. In the second model we wri
d«21(q)5«LL

21(q)2«L
21(q), where«LL

21(q) and«L
21(q) are

the inverse diagonal parts of the Levine-Louie23 model and
the Lindhard dielectric functions, respectively. The two mo
els share the limitd«21(0)51/«` , but in the intermediate
q region they differ significantly, with the second model g
ing down to zero at'3 a.u. Despite these differences b
tween the models, the largest changes in the total bandw
and in the band gap of NiO were at most'0.4 eV, which we
consider to be the limit of accuracy of our modelGW cal-
culations. In the following, we report the results obtain
with the step function model ford«21(q).
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dS is diagonalized in the basis of the LSD Bloch fun
tions, as discussed in Ref. 24. We have

~ĤLDA1dS!cnk5enkcnk , ~6!

cnk5(
n8

znn8cn8k
LDA , ~7!

and we expand the electronic Bloch functions in terms of
accurate full-potential linearized-augmented-plane-wave
sis set.25 We are then lead to the following secular equatio

i~enk
LDA2enk!dnn81^n8kudSunk&i50, ~8!

which gives us the corrected quasiparticle eigenstates
semiconductors the off-diagonal matrix elements ofdS are
quite small, which implies that first-order perturbative co
rections to the eigenvalues are already sufficient. When d
ing with NiO or CaCuO2, however, we need to carry out th
procedure self-consistently. Several iterations ('12) are
needed in order to converge, starting from the LSD grou
state. Around ten empty states are sufficient to lead to c
verged valence states. In order to calculate the matrix
ments in Eq.~8!, we introduce the ‘‘overlap charge dens
ties’’ defined by

rmq,nk~r !5cmq* ~r !cnk~r !, ~9!

and the corresponding Fourier transforms

rmq,nk~Gj !5E
I
rmq,nk~r !exp@2 i ~k2q1Gj !–r #dr

1(
a

E
Sa

rmq,nk~r !exp@2 i ~k2q1Gj !–r #dr ,

~10!

where the integrals with labelsI andSa are performed over
the interstitial region and muffin-tin spheres, respective
anda runs over the atoms in the unit cell. We may write t
matrix elements ofdS as

^n8kudSunk&524pe2(
j ,q

d«21~ uk2q1Gj u!

3(
m

occ rmq,n8k
* ~Gj !rmq,nk~Gj !

uk2q1Gj u2
. ~11!

These matrix elements are formally similar to those obtai
within the Hartree-Fock or diagonally screened excha
schemes, apart from the presence ofd«21 which reduces the
computational load. In fact, since our step model ford«21

cuts off at quite low momenta ('3 a.u.!, it is straightforward
to perform theG-vector summation in Eq.~11!. This makes
the present approach computationally much faster, and e
to implement than the Hartree-Fock or, even worse, the
GWmethod. The singularity found in Eq.~11! for k→q and
Gj50 is treated as explained in Ref. 24; further techni
details may be found in the same paper.
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III. RESULTS FOR SEMICONDUCTORS

Before examining the transition-metal oxides, we co
pare in Table I our results for a few simple semiconduct
with the corresponding availableGW values and
experimental21,26–33 data. We can see that an agreeme
within '0.2 eV is found forsp semiconductors, both with
full GW calculations, and with experiment. More interestin
however, is the comparison for the materials contain
semicored states, as ZnO and CdS. In these compounds
d bands are found between anions andp bands, contributing
to both the electronic and structural properties. Their BE
badly underestimated by the local-density approximat
~LDA !, while the Hartree-Fock method overestimates it
several eV.32,33 The modelGW approximation pushes thes
states down by'1 eV, but their BE is still underestimate
by '1 eV. This may be due to effects beyondGW. These
results may be relevant in the discussion~see below! on the
relative location ofd and p states in TMO’s, althoughd
states are much more localized in the ZnO and CdS ca
Our modelGW calculations for CdS agree with the results
Rohlfing, Krüger, and Pollmannet al.,28 in particular, with
those obtained including the wholen54 shell (n principal
quantum number! in the valence states. In our case, co
states are treated as in conventional all-electron LDA ca
lations, and including them in our self-energy correcti
would not make sense, since we are correcting the lo
range~in real-space! part of the electron-electron interaction
well beyond the size of Cd 4s and 4p core states. The agree
ment with fullGW results is within 0.15 eV for the gap, an
within 0.3 eV for thed states energy location. We shou
point out here that the agreement of our results with f
GW may come partially from a cancellation between loc
fields and dynamical effects, which was also found by H

TABLE I. LDA, model GW, full GW, and experimental band
gaps and the average energy ofd states relative to the VBM (Eg

andEd , respectively! for some selected semiconductors~in eV!.

Compound LSD
Present
work GW Expt.

Eg ~eV!

Si 0.5 1.1 1.3,a 1.24,b 1.0,c 1.2d 1.2e

C 4.0 5.8 5.6,a 5.3,b 7.2,d 5.7f 5.5e

CdS 0.89 2.60 2.45g 2.50, 2.55h

ZnO 0.93 4.23i 3.44i

Ed ~eV!

CdS 27.6 28.4 28.1g 29.5j

ZnO 25.4 26.4i 28.6,27.5k

aFrom Ref. 16.
bFrom Ref. 17.
cFrom Ref. 14.
dFrom Ref. 18.
eFrom Ref. 26.
fFrom Ref. 27.
gFrom Ref. 28.
hFrom Ref. 29.
iFrom Ref. 33.
jFrom Refs. 30 and 31.
kFrom Ref. 32.
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TABLE II. LSD, modelGW, LSD1U, SIC, and experimental magnetic moments~in mB) and energy
band gaps~in eV! for the systems investigated. The values in parentheses include the orbital contribu

Compound LSD Present work LDA1Ua SICb Expt.

Magnetic moments (mB)

MnO 4.29 4.52~4.52! 4.61 4.49~4.49! 4.79,c 4.58d–g

NiO 1.12 1.56~1.83! 1.59 1.53~1.80! 1.77,c 1.64,h 1.90d

CaCuO2 0.42 0.66 0.51i

Energy gaps~eV!

MnO 1.0 4.2 3.5 3.98 3.824.2j,k

NiO 0.3 3.7 3.1 2.54 4.3,l 4.0m

CaCuO2 0.0 1.4 2.1 1.5n

aFrom Ref. 12. hFrom Ref. 41.
bFrom Refs. 9 and 10. iFrom Ref. 34.
cFrom Ref. 35. jFrom Ref. 42.
dFrom Ref. 36. kFrom Ref. 43.
eFrom Ref. 37. lFrom Ref. 2.
fFrom Ref. 38. mFrom Ref. 40.
gFrom Ref. 39. nFrom Ref. 44.
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bertsen and Louie16 when going from diagonal Coulomb
hole–screened-exchange~COHSEX! to full GW.

IV. RESULTS FOR TRANSITION-METAL OXIDES

A. Structural details

Calculations for NiO have been performed, assumin
magnetic cell of rhombohedral structure with space gro
D3d
5 (R3m). The lattice parameter corresponds to that of

paramagnetic NaCl structure with the observed lattice c
stant 4.195 Å . The atomic sphere radii for Ni, and O a
2.1, and 1.8 a.u., respectively. The crystallographic struc
of CaCuO2 is simple tetragonal with one formula unit pe
cell and space groupD4h

1 (P4 /mmm). The present calcula
tions have been performed in the antiferromagnetic~AFM!
magnetic double cell, with a body-centered tetragonal str
ture and space groupD4h

17 (I 4 /mmm). We use the experi-
mental Ca0.84Sr0.16CuO2 lattice constantsa55.46 Å and
c56.4 Å. Both the in-plane and the out-of-plane-spin
rangements were assumed to be antiferromagnetic.34

B. Band gaps and magnetic moments

The values of magnetic moments and energy gaps
summarized in Table II, and compared with both the exp
mental data2,9,12,34–44 and the theoretical values obtaine
within the self-interaction corrected~SIC! density functional
theory9,10 and the LSD1U method.12 For completeness, we
also report in Table II the corresponding results for MnO20

The magnetic moments, corrected to take into account
orbital contribution,45 are shown in parentheses. Our resu
are in good agreement with experiment and with the co
sponding values obtained using the SIC~Refs. 9 and 10! and
the LSD1U12 methods, improving drammatically upon th
LSD. In particular, our approach is in better agreement w
experiment than both the SIC and LSD1U for almost all the
energy gap values. A further discussion and comparison w
the other theoretical schemes will be made on the basis o
densities of states.
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C. NiO

Our previous modelGW study of MnO ~Ref. 20! gave
quite satisfactory results. The present results for NiO are
great interest since~i! more detailed angle-resolved phot
emission experiments are available,~ii ! its electronic struc-
ture is more complex than that of MnO. Indeed, while M
has a complete spin up 3d shell, Ni has ad8 configuration in
the NiO ground state, with the down spineg states empty and
all the otherd states full. As a consequence of this electron
configuration, LSD gives already a semiconducting gap,
this gap is much too small. In Fig. 1 we plot the mod
GW energy bands of NiO along theX-G-Z directions of the
antiferromagnetic Brillouin zone, together with the LSD r
sults. The bands with a strong dispersion located be
23.5 eV are mostly due to O 2p states, while the Ni 3d
orbitals are responsible for the bands closer to the gap. T
more specific, the symmetry of some relevant states at
Z point is indicated in Fig. 1 by the symbolst2g andeg , with
↑ and↓ indicating the states which are mostly localized
the Ni~1! and Ni~2! sublattices, respectively.46 Very remark-
ably, in our modelGW calculations, there is no gap betwee
the O 2p and Ni 3d bands, which merge in a wide regio
aroundG, in contrast with the LSD results. Apart from th
major difference, and from a change in the backfolded ba
around25 eV ~which gets more Ni 3d orbital character and
becomes slightly more flat alongG-Z), the overall shape of
the O 2p bands is pretty similar in the modelGW and within
the LSD. By inspection of the wave functions we can ide
tify the extrema of the O 2p complex at theG point as the
lowest state at26.9 eV and the twofold degenerate states
'21.7 eV.

One of the major differences between the LSD calcu
tions and experiments consists in the orbital character of
first electron removal state, mostly Ni 3d in LSD, and mostly
O in experiments. A general picture of the electronic sta
can be obtained from the total and partial densities of sta
~PDOS! ~shown in Fig. 2! as calculated in the modelGW
scheme and in the LSD approximation. We can see the la
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('1 eV! shift of the Ni states towards the O bands, relat
to the LSD case, which is in agreement with integra
photoemission40 and O Ka x-ray emission spectroscop
~XES! data.47 However, the most striking correction is th
spreading of the Ni character over the whole occupied
ergy range, and the enhanced O 2p character at the valenc
band maximum~VBM !. Significantly, this shift of O and
3d weights~relative to LSD! is larger in NiO than in MnO,20

which has a simpler electronic structure and which is con
ered to be of mixed charge-transfer Mott-Hubbard charac
If we analyze, in particular, the orbital character of theeg
states, we find a large shift of the Ni 3d weight to higher BE,
going from LSD to the modelGW. In fact, the flat back-
folded ‘‘oxygen’’ band at'25 eV iss bonding with 60%
Ni~1! and 29% O character at theZ point @37% Ni~1! and
50% O in LSD#. The correspondingeg state at theZ-point
VBM is s antibonding with 36% Ni~1! and 55% O@59%
Ni~1! and 35% O in LSD#. This character of VBM states is
mean-field analog of the first ionization state expected
many-body theory (d8L states withEg symmetry!, and
agrees with the predictions of LSD1U calculations of Anisi-
mov, Zaanen, and Andersen.12 The gap is found betwee
these valence states having a substantial O component
conduction states localized on the Ni~2! atoms@75% Ni~2!
and 19% O#, confirming the charge-transfer character of t
gap in NiO. We notice that the energy distance between
above band at25 eV and the center of gravity of Ni 3d
conduction states is.9 eV, which is of the order ofU.

In order to investigate further the differences between
LSD and the modelGW results, we compare in Fig. 3 th
total charge density calculated within the two schemes.
charge depletion on Ni sites, and the corresponding incre
of the density around oxygen show that self-energy corr
tions enhance the ionic character of the compound. This
sults from the increased Ni contribution toeg conduction
states~theeg character is evident in Fig. 3!. This difference,
however, is weak. If we integrate over the Ni muffin-t
spheres, we obtain'0.04e less in the modelGW calculation
than in the LSD case~per atom!. This charge depletion is
compensated by an equivalent gain inside O spheres.

The poles of one-electron Green’s functions are direc
related to the electron removal and addition energies, wh
are measured in direct and inverse-photoemission exp
ments. Although we are not really calculating the ener
dependent Green’s function, it is of interest to compare
energy bands with the results of angle-resolved photoem

FIG. 1. LSD band structure~a! of NiO, along with the self-
consistent modelGW results~b!.
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sion experiments~ARPES!.4,5We report in Fig. 4 our bands
together with the published results of Refs. 4 and 5 in Fi
4~a! and 4~b!, respectively. The alignment between expe
mental and theoretical results is arbitrarily chosen in orde
fit the highest valence state atG. Our results are in genera
good agreement with those of Shenet al.4 in the low BE
region. AtG, in particular, all of the experimental points fo
E.23.5 eV ~the energy zero is chosen to be the VBM!
correspond to calculated bands. Only the data points
Kuhlenbecket al. at the lowest BE~in the middle of theG-

FIG. 2. ModelGW ~full lines! and the LSD~dashed lines! total
and partial densities of states for NiO.

FIG. 3. Contour plots of the difference between the mo
GW and the LSD charge densities of NiO, along a~001! plane of
the fcc cell. Full and short-dashed lines correspond to positive
negative contours, respectively, while the long-dashed lines co
spond to the zero level. Levels are given in units of 1023e/a.u.



-
i-

55 13 499QUASIPARTICLE ENERGY BANDS OF TRANSITION- . . .
FIG. 4. ModelGW self-consistent band struc
ture of NiO, compared to the ARPES exper
ments by Shenet al. ~Ref. 4! ~a! and with those
of Kuhlenbecket al. ~Ref. 5! ~b!. Experimental
data along theG-Z line in ~a! are by Shih~Ref.
8!.
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X line! are out of place, perhaps indicating a misalignmen
experimental and theoretical results. In any event, a few
provements relative to the LSD can be noticed:~i! due to the
increased dispersion alongG-Z of the band at the VBM in
the modelGW, the highest valence band along theG-X line
lies around 0.5 eV below the Fermi level, in closer agr
ment with the results of Shenet al.;4 ~ii ! the energy location
and dispersion of the bands in the range23 to 23.5 eV at
X, fits quite well the ARPES data, contrary to the LSD.

Considering the Ni 3d region, the most recent experime
tal angle-resolved photoemission data are those by S8

alongG-Z. This direction is well suited for a detailed ban
analysis, because of its high symmetry. The agreement
tween calculated and experimental ARPES data in Fig
along this line is very good. All the experimental points c
incide with bands calculated within the modelGW scheme,
and contrary to the LSD case,8 this agreement extends dow
to Ni 3d states with higher binding energy ('23 eV rela-
tive to the VBM!. A particular but important aspect of thi
agreement concerns the dispersion of theeg band, located at
'21.7 eV atG and at the VBM at theZ point, after an
anticrossing with thet2g↓ bands. This agreement is very im
portant since it is the first time that ARPES experiments
show a significant dispersion for the first ionization states
NiO.

More problematic, however, is the comparison in the
2p region. Although the dispersion of these bands is w
reproduced by the calculations, the ARPES results of S
et al.4 seem to indicate higher BE. This is slightly less pr
nounced in the data by Kuhlenbecket al.5 The relative loca-
tion of Ni 3d and O 2p bands is a controversial issue. Angl
integrated photoemission40 and O Ka XES ~Ref. 47!
experiments point to the necessity of a downward shift
LSD 3d bands by' 2 eV, in agreement with our finding
and in apparent contrast with the indications of ARPES.

Since it may be relevant in this contest, we show in Fig
the modelGW energy bands, as obtained with the st
model for d«21(q), and with the use of the Levine an
Louie23 dielectric function. The two sets of bands are ve
similar in the low BE region, and differ mostly in the ga
and in the distance between the O 2p and the Ni 3d states,
which are, respectively, smaller and larger by a few tenth
an eV in the Levine and Louie model. This latter mod
seems to be in slightly better agreement with angle-reso
photoemission data.
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In order to investigate further the problem of the O 2p vs
Ni 3d relative energy location, we show in Fig. 6 the
2p partial density of states obtained with a 0.5 eV Gauss
broadening. The modelGW results have been shifted dow
by 0.7 eV in order to align perfectly the tails of the high B
O region. Due to atomiclike selection rules, these res
should be comparable with the OKa XES data.47 Relative to
photoemission, XES has the advantage of being more b
sensitive. The XES spectrum shows two major peaks, co
sponding to the O band at higher BE, and to the Ni band
lower BE. We can see that the modelGW results agree much
better with the XES measurements, both in terms of the r
tive energy location of peaks, and in terms of an increase
weight in the low BE region. The agreement regarding
shape of the O structure, however, is deteriorated in
modelGW results, relative to LSD. This is mostly due to th
changes occurring for theeg states around25 eV. Dynami-
cal effects not taken into account by our model are proba
necessary to improve the agreement with XES in this ene
region.

Experimentally, the photoemission spectrum of NiO d
plays a high-energy satellite at about 9 eV below the Fe
level, usually interpreted as Nid7 final state excitations.2,48

This peak, separated by an energyUeff from the conduction
band~Ni d9 final states!, corresponds in the CI language to
process in which an essentially unscreened 3d hole is created

FIG. 5. ModelGW self-consistent energy bands, obtained us
a step function ford«21(q) ~full lines!, compared to those obtaine
using the Levine-Louie model~dashed lines!.
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on a metal atom, at the cost of a large energy.49 In the CI
approach theUeff value is increased relative to the on-s
interactionU by ligand-metal hybridization. The lower BE
ionization states, on the other hand, correspond tod8→d8L
excitations, describing the creation of a hole in the Nid
shell, followed by its screening by excitations involving th
bandlike O states. The satellite is not found in our calcu
tion; this discrepancy, which constitutes the major differen
between our quasiparticle and the experimental electron
moval spectra in NiO, is not surprising, since our mod
self-energy is energy independent. Furthermore, as poi
out by Aryasetiawan and Gunnarsson,19 even the fullGW
approximation includes only in a mean-field way the creat
of virtual electron-hole pairs~leading to the screening of th
bare Coulomb interaction!, but leaves out, e.g., ladder dia
grams representing repeated hole-hole scatterings, which
expected to give rise to a strongly energy-dependent s
energy contribution. Therefore, we can expect the absenc
a high BE satellite also in fullGW calculations. Work is
in progress in this direction, beyond theGW
approximation.50–53

Considering the regionE.28 eV, it is very difficult to
estimate what would be the effect of including such corr
tions. We can speculate, however, that the formation o
satellite would remove spectral weight from the states hav
large Ni character, namely, the states near the Fermi le
and the flateg bands at'25 eV, clearly identified in the
Ni~1! PDOS. We can expect the related energy changes t
larger for the higher BE states, and to correspond very lik
to an upward shift of the flat band at'25 eV. Such a shift
would bring this band into better agreement with the pho
emission experiments by Shenet al.,4 in particular with the
band indicated by crosses by these authors in their Fig.
The corresponding changes in the Op PDOS~an increased
O content in the higher BE states! are also expected to im
prove the agreement with XES experiments. This vi
seems to be supported in the self-energy calculations
Manghi, Calandra, and Ossicini50 and by Mizokawa and
Fujimori.53

Finally, it is interesting to compare our results with th
PDOS obtained by LSD1U ~Ref. 12! and SIC ~Ref. 10!
calculations. Our PDOS show differences, but also impor

FIG. 6. O 2p partial density of states, broadened with a 0.5
Gaussian, obtained from modelGW ~full line! and LSD ~dashed
line!.
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similarities with respect to the LSD1U calculations. As in
our case, there is a large increase of O character in the
BE region relative to the LSD. This O component is larger
the LSD1U results~note, however, that we used differe
sphere radii!. Another important similarity is the energy dif
ference between the mostly 3d valenceeg↑ states~the struc-
ture which is at.25 eV in our results! and the 3d eg↓
conduction band, which is at.9 eV. SIC-LSD results,10,11

on the other hand, give most of the Ni 3d spectral weight
below the O 2p bands. The ability of these calculations
reproduce correctly the low binding energy spectrum of N
cannot be fully assessed from the present literature, and
relative main-line vs satellite intensity does not agree w
the experimental situation. Basically, the same physics
sults from the Hartree-Fock method,54 which gives the Ni
3d bands below the O 2p bands.

Since we are using a modelGW approach we need to
compare our results with theGW calculations by Aryase-
tiawan and Gunnarsson.19 Given the tremendous effort re
quired by a fullGW calculation on a complex system, the
calculation was not fully self-consistent, and cannot be
rectly compared with ours. Therefore, we performed a n
self-consistent modelGW calculation~including nondiago-
nal matrix elements!, using the self-consistent LSD potenti
and wave functions. Relative to the LSD bands, we foun
large opening of the gap ('2 eV!, and a downward shift of
3d states; these bands, however, are quite different from
self-consistent ones. This is expected, since unlike the c
of simple semiconductors,GW and LSD wave functions are
significantly different from each other in an AFM system
Our results are in reasonable agreement with the band
Ref. 19 ~much more than the fully self-consistent mod
GW results of Fig. 1!. In particular, we agree on the down
ward shift of thet2g bands around22 eV, and on the in-
creased splitting of the twoeg-like states around24 eV at
Z. Considering the differencies between the two methods,
feel that this agreement is satisfactory.

D. CaCuO2

We show in Fig. 7 the energy bands of CaCuO2 along the
X-G-Z lines of the AFM body-centered tetragonal Brillou

FIG. 7. ModelGW energy bands of CaCuO2 along the main
symmetry lines of the AFM Brillouin zone.
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zone. The situation for this compound differs from that
transition-metal monoxides, since the Cu 3d and O 2p states
form here a single, strongly hybridized,.7 eV wide valence
band. The conduction band is separated from the VBM at
G-Z midpoint by a gap of 1.4 eV@experiment gives 1.5 eV
~Ref. 44!#. There is more symmetry in the band structu
around the energy gap in CaCuO2 than in TMO ~see, for
instance, Fig. 1!. Due to the number of bands and to th
complexity of their dispersion, we comment only on t
highest occupied and lowest empty states, by plotting th
charge distribution~calculated at theG-Z midpoint! in Fig. 8.
We can see that these states are bothdps antibonding com-
binations of Cu 3d and O 2p orbitals, located on the two
different spin sublattices. However, the VBM has a larger
character@28% Cu~1! and 55% O# relative to the conduction
band minimum@50% Cu~2! and 37% O#, evidencing the
charge-transfer character of the gap. In Fig. 9 we plot
total and partial densities of states of CaCuO2. As it is well
known, the strongest chemical bonds in the high-tempera
superconducting copper oxides are the in-plane Cudx22y2

2O px,y s bonds. Therefore, we separate in Fig. 9 the par
density ofp-bonded and ofs-bonded Op states, and we
plot only thedx22y2 PDOS for the two Cu atomic sites. W
see clearly that Cu~2! dx22y2 states contribute mostly to th
conduction band, and that Cu~1! dx22y2 states are share
between the VBM region and the high BE structure
.26 eV. The energy separation between the conduc
~down-spin! dx22y2 and these latter states is of the order o
eV, which agrees with the estimate ofU for Cu 3d electrons.
Our PDOS agree well with those given by the LSD1U ap-
proach for CaCuO2;

12 The latter calculations give an energ

FIG. 8. Charge densities in the~001! plane corresponding to th
states at the VBM~a! and CBM ~b! at theG-Z midpoint.
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separation of.8 eV between the occupied spin↑ and empty
spin ↓ dx22y2 states, and the general shape of their PD
and ours is very similar.

V. CONCLUSIONS

In summary, we have seen that our calculations, base
a modelGW scheme, provide in many respects a reasona
good description of band gaps, magnetic moments, and
the low BE electron removal spectrum in TMO’s, confirmin
tests of the method performed on simple semiconduct
The satellite structures observed in photoemission spe
however, are not found in our calculations. Our results
NiO and CaCuO2 are consistent with those of mean-fie
LSD1U calculations.
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