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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 CagQwCusing a model self-energy correction
which approximates closely the W 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 ofpGarl 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 calculatig®8163-182807)00619-X]

[. INTRODUCTION and the model LSB U method? have been used, to cure the
LSD pathologies, leading to significant improvements in the
The interest in the electronic structure of the latevalues of magnetic moments and energy gaps. Among the
transition-metal monoxide€TMQO’s) MnO, FeO, CoO, and works based on the above methods, however, only the one
NiO (Ref. 1) has been revived by the discovery of the high-by Arai and Fujiwar&! provide quasiparticle band structures,
temperature superconductors, since TMO's share with thevhich can be compared to the available detailed angle-
parent compounds of the latter an antiferromagnetic insulatresolved photoemission results.
ing behavior, related to the large value of the on-sitt 3 A succesful method for calculating quasiparticle excita-
Coulomb repulsion energy. The local-spin-densityLSD)  tion energies in semiconductors is tGaV approximation:®
band calculations are unable to describe the localized natusghich represents the lowest order of many-body perturbation
of these electron states, and lead to very tiny magnetic maheory in terms of the fully screened electron-electron inter-
ments and small or vanishing band gaps. Furthermore, thertion, and gives the electron self-enebify"" as the product
is a discrepancy between the calculated and observed spewf-the interacting Green'’s functio@ times the dynamically
tral weights for metal 8 and O 2, as well as for their screened Coulomb potentid. Despite its obvious interest,
relative energy locations. On the basis of the above problemisowever, computational difficulties have prevented until re-
associated with the LSD band-structure picture, and becausently its use in TMO’s. This is especially true considering
of the success of the localized configuration-interactioh  that (apart from some recent all-electron approath&s
cluster methot® in describing the electronic states of most of the implementations of tH8\W approximation are
TMO’s, it has often been argued that the former approactbased on the plane-wave pseudopotential methdd,not
should be ruled out for these materials. easily applicable to TMO's. Only recently, Aryasetiawan and
Recent photoemissi6f® (PES and inverse- Gunnarssolf have calculated th&W band structure of NiO,
photoemissioh’ experiments in NiO have shown that both based on the linear muffin-tin orbital method and with some
the localized and the itinerant pictures have some relevancgpproximation in the self-consistency.
in the description of TMO’s. In particular, the dispersion of ~ Recently, we calculatéfithe electronic structure of MnO,
the O 2 bands is well described by the LSD calculations.using a(self-consistentmodel derived from the method pro-
Furthermore, very recent PES restilssiggest that the first posed by Gygi and BalderescHiwhich reproduces accu-
ionization states, usually interpreted in termsd§f—>d8E rately the results of a comple@W calculation with a much
(L meaning oxygen ligand holeexcitations display also a reduced computational effort. An encouraging agreement
large k-vector dispersion, not very different from that ob- was found with experiment, in terms of energy gap, magnetic
tained by LSD calculations. However, significant discrepan-moment, bandwidth, and spectral distribution of Mm 3
cies remain between LSD results and experimental datatates. The weak satellite observed at high binding energy
Since limitations in identifying the Kohn-Sham eigenvalues(BE), however, was not found, which is not surprising since
as excitation energies of the many-electron system are wetlur self-energy corrections are energy independent. In this
known, these discrepancies are not surprising but call fopaper, we report a similar self-consistent calculation of the
more sophisticated calculations. Alternative approaches sudatlectronic structure of NiO and CaCyOWe find a good
as the self-interaction corrected density functional th&3fy —agreement with experiment in terms of magnetic moments
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and band gaps. Furthermore, in NiO, the energy location oproximated by a local exchange-correlation poteriialour
TM d bands, relative to the O bands, as well as their case, the Kohn-Sham energy-independegp{r)].
spreading over several eV, is corrected relative to LSD and is The second term of Eq3) [referred to asé> in the
in substantial agreement with angle-integrated photoemissioimllowing, and formally defined through Eg&l) and(3)], is
and OK a x-ray emission data. We also obtain a good agreenonlocal and should contain the contribution from the long-
ment with the most recent angle-resolved photoemission datange part of the Coulomb interaction, incompletely screened
for NiO, in the low BE region. As in the case of MnO, in semiconductors and insulators. It is known that in nonmet-
however, our calculations do not provide the high BE satelals SW behaves asymptotically at large separation as
lites observed in photoemission experiments. Comparison df/(e..|r—r’|) (where ¢,, is the static electronic dielectric
self-consistent and non-self-consistent results stresses tleenstant, and that the screening properties at short separa-
need to include self-consistently self-energy corrections irtion are the same for all materials with a given density. We
transition-metal oxides, due to large changes in the electronimay now simplify further the problem by assuming that
wave functions. Our results show therefore that our modelsW(r,r’;E) depends only orr—r’|, i.e., neglecting local-
GW scheme is able to give a reasonable description of théield and dynamical corrections. Indeed, calculations have
electronic states of these systems, improving significanthishown that local-field effects become negligible when
upon LSD. [r—r’| is larger than the interatomic distance. Also, the en-
The paper is organized as follows: in Sec. Il we describeergy dependence ofX is assumed to be dominated by a
the method; test applications to simple semiconductors arplasmon-pole structure around the plasmon frequengy

reported in Sec. lll. In Sec. IV we describe the results forwhich is much higher than the energy excitations considered.
NiO and CaCuQ and, finally, in Sec. V we draw our con- We note, however, that the approximation of neglecting local
clusions. fields and dynamical effects is not done on the whole self-
energy, but only on5Y. Performing the energy integrations
Il. METHOD in the second term of Eq3), we obtain
In the GW approximation, the electron self-energy is S3(r,r")y=—p(r,r")SW(|r—r’|), (4)
given by

wherep(r,r') is the one-body density matrix. We write the
i Fourier transform oW as
38Wrr"E)= —J G(r,r’;E+E")W(r,r";E")dE’,
27 5
(1) 5W_47Te PP DS
(a)= Q—qz[%c(q,w—o) en (G0=0)], (9

whereG is the full interacting Green’s function, antl is the
dynamically screened Coulomb interaction. The latter is dewhere e¢ and &,* represent the diagonal response of a
scribed by the dielectric matrix~?, semiconductor and of a metal, respectively. Our experience
for Si has shown that the term in square brackets in(&x.
written 8e ~1(q), is a smooth function of which dies off at
aroundqg,~2 a.u?! Since, in general, we do not know the
detailed shape ofe ~1(q), we used in the present work two
wherev is the bare Coulomb interaction. In the approxi- different models. The simplest one is a step function
mated method introduced by Gygi and Balderedttone Se~1(q)=(1/e..) 0(Aeu—q), Whereqg, is a cutoff param-
separates the self-energy into a short-range and a long-rangger related to the Fermi or to the Thomas-Fermi screening
term. The short-range term can be approximated by thgangth, and the static electronic dielectric constant is
Kohn-Sham local exch_ange-correlation_ potential, while the(aken from experiment. While for simpkep semiconductors
long-range term takes into account the incomplete screeningye results depend very marginally on this cutoff, a relatively
of the Coulomb interaction in nonmetals, and decays fairly|arger dependence is found in TMO's. Tests performed for
rapidly in reciprocal space. We start by writing the self- \yn0 and NiO as a function ., Showed that, in the range

W(r,r';E)=f dr’e “X(r,r;E)u(r"—r’), (2)

energy as 2<q.<4 a.u., the results are sufficiently stable, with a
_ small increase £0.03ug) of the magnetic moment and ei-
| . )

GW(p pripy— ' INMIEG, y v 17 , genvalue differences changing by0.2 eV. We use

AU 27-rj Gr,r E+EHWEHr,r ;B )dE Jeu=3 a.u. in the following. In the second model we write

: e~ (a) =& (q) &, *(q), wheree '(q) ande *(q) are
+ '_f G(r,r";E+E")8W(r,r";E")dE’, the inverse diagonal parts of the Levine-Lddienodel and
2m the Lindhard dielectric functions, respectively. The two mod-
3) els share the limitbe "1(0)=1/e.., but in the intermediate
g region they differ significantly, with the second model go-
whereW'EC is the short-range effective potential of a metal-ing down to zero at=3 a.u. Despite these differences be-
lic inhomogeneous electron gas. Following Sham andween the models, the largest changes in the total bandwidth
Kohn?? the corresponding self-energy contribution, whichand in the band gap of NiO were at mes0.4 eV, which we
depends only on the density in the vicinity ofand r’ consider to be the limit of accuracy of our modeW cal-
(Ir=r’|<maxX\g \re}t, whereh e and\ ¢ are the Fermi and  culations. In the following, we report the results obtained
Thomas-Fermi screening lengths, respectivelgn be ap-  with the step function model fofe ~1(q).
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53 is diagonalized in the basis of the LSD Bloch func-  TABLE I. LDA, model GW, full GW, and experimental band

tions, as discussed in Ref. 24. We have gaps and the average energydbtates relative to the VBME
andE,, respectively for some selected semiconductdirs eV).
(H LOA 4 52) lpnkz Enk‘//nk ' (6) Present
Compound LSD work GW Expt.
LDA
lpnk:z Zon Yy s (7) = (ev)
n’ Si 05 11 1%124°10°1.A 1.2
b~ 5d
and we expand the electronic Bloch functions in terms of theC 4.0 58 5.6,5.377.257 55

accurate full-potential linearized-augmented-plane-wave ba(—:OIS 089 2.60 2.4 250, 2.58

sis se?® We are then lead to the following secular equation:Zno 0.93 4.23 E, (V) 3.44
q4 (€

cds ~76 -84 —8.19 -95
ZnO —-54 —6.4 —8.6,— 7.5

which gives us the corrected quasiparticle eigenstates. & om Ref. 16.
semiconductors the off-diagonal matrix elementssaf are bErom Ref. 17.
quite small, which implies that first-order perturbative cor-cc. - pof 14.
rections to the eigenvalues are already sufficient. When dea‘{’i:rom Ref. 18.
ing with NiO or CaCuQ, however, we need to carry out the e-,o Ref. 26
procedure self-consistently. Several iterations1@) are iz, o Ref 27.
needed in order to converge, starting from the LSD groundg, .\, ref. 28.
state. Around ten empty states are sufficient to lead to conp- ..\ ret. 29.
verged valence states. In order to calculate the matrix eleg. .\ ret. 33.
ments in Eq.(8), we introduce the “overlap charge densi- jg,om Refs. 30 and 31.
ties” defined by KFrom Ref. 32.

||(EhEA_Enk)énn’+<n,k|52|nk>”:0’ (8

—_ *
Prmg,k(F) = Pmg(1) k(7). © Ill. RESULTS FOR SEMICONDUCTORS

and the corresponding Fourier transforms Before examining the transition-metal oxides, we com-
pare in Table | our results for a few simple semiconductors
. with the corresponding availableGW values and
qu,nk(Gj):ﬁpmq,nk(r)exq_'(k_q+GJ)'r]dr experimentaf-?6-3 data. We can see that an agreement
within ~0.2 eV is found forsp semiconductors, both with
. full GW calculations, and with experiment. More interesting,
+§ L Pma,ni(NEXH —i(k=q+Gy)-rldr,  popever, is the comparison for the materials containing
: semicored states, as ZnO and CdS. In these compounds the
(10 d bands are found between anieandp bands, contributing
to both the electronic and structural properties. Their BE is
badly underestimated by the local-density approximation
'(LDA), while the Hartree-Fock method overestimates it by
several e\?2*3 The modelGW approximation pushes these
states down by=1 eV, but their BE is still underestimated
by =~1 eV. This may be due to effects beyo@dVN. These
(K| 83 |nk) = — 4wy, se~Y(|k—q+ G| results may be relevant in the discussisee below on the
5. relative location ofd and p states in TMO’s, although
states are much more localized in the ZnO and CdS cases.
Our modelGW calculations for CdS agree with the results of
Rohlfing, Kriger, and Pollmanret al.?® in particular, with
those obtained including the whote=4 shell (0 principal
These matrix elements are formally similar to those obtainedjuantum numberin the valence states. In our case, core
within the Hartree-Fock or diagonally screened exchangstates are treated as in conventional all-electron LDA calcu-
schemes, apart from the presencedef ! which reduces the lations, and including them in our self-energy correction
computational load. In fact, since our step model &&r*  would not make sense, since we are correcting the long-
cuts off at quite low momentas{ 3 a.u), it is straightforward  range(in real-spacgpart of the electron-electron interaction,
to perform theG-vector summation in Eq11). This makes well beyond the size of Cdsdand 4 core states. The agree-
the present approach computationally much faster, and easigrent with full GW results is within 0.15 eV for the gap, and
to implement than the Hartree-Fock or, even worse, the fullvithin 0.3 eV for thed states energy location. We should
GW method. The singularity found in E¢L1) for k—qg and  point out here that the agreement of our results with full
G;=0is treated as explained in Ref. 24; further technicalGW may come partially from a cancellation between local
details may be found in the same paper. fields and dynamical effects, which was also found by Hy-

where the integrals with labelsand S, are performed over
the interstitial region and muffin-tin spheres, respectively
anda runs over the atoms in the unit cell. We may write the
matrix elements ob2 as

occ

% z p;q,n'k(Gj)pmq,nk(Gj)

11
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TABLE II. LSD, model GW, LSD+U, SIC, and experimental magnetic momefits ug) and energy
band gapsgin eV) for the systems investigated. The values in parentheses include the orbital contribution.

Compound LSD Present work LDAU? sIc? Expt.

Magnetic momentsg)

MnO 4.29 4.52(4.52 4.61 4.49(4.49 4.79°¢ 4589
NiO 1.12 1.56(1.83 1.59 1.53(1.80 1.77° 1.64" 1.9¢
CaCu0, 0.42 0.66 0.51
Energy gapsgeV)

MnO 1.0 4.2 35 3.98 3:84.2K
NiO 0.3 3.7 3.1 2.54 4.3,4.6"
CaCuG, 0.0 1.4 2.1 15
%From Ref. 12. PFrom Ref. 41.
bFrom Refs. 9 and 10. iFrom Ref. 34.
°From Ref. 35. IFrom Ref. 42.
9From Ref. 36. KFrom Ref. 43.
®From Ref. 37. 'From Ref. 2.
fFrom Ref. 38. MFrom Ref. 40.
9From Ref. 39. "From Ref. 44.

bertsen and Loui@ when going from diagonal Coulomb- C. NiO

hole—screened-exchang@OHSEX to full GW. Our previous modelGW study of MnO (Ref. 20 gave

quite satisfactory results. The present results for NiO are of
great interest sinc@) more detailed angle-resolved photo-
A. Structural details emission experiments are availabig) its electronic struc-
ure is more complex than that of MnO. Indeed, while Mn

Calculations for NiO have been performed, assuming guas a complete spin um3shell, Ni has ai® configuration in

magnetic cell of rhombohedral structure with space grou . . X

5, = ) the NiO ground state, with the down spg states empty and
D34 (R3m). The lattice parameter corresponds to that of the Il the otherd full. A f this el :
paramagnetic NaCl structure with the observed lattice cono tf_e othe sIt_aSteDs Ut sla cgnsequen_ce Odt S e ectror;ch
stant 4.195 A . The atomic sphere radii for Ni, and O areCon Iguration, gives already a semiconducting gap, but

: : this gap is much too small. In Fig. 1 we plot the model
2.1, and 1.8_ a.u., respectively. The_ crystallographic s;ructur&w gngrgy bands of NiO along tm‘gF-Z dire?:tions of the
of ”CaCduOZ is simple tletrapgo/nal WlthTohne formulfl u?'t lper antiferromagnetic Brillouin zone, together with the LSD re-
cell and space groupyy, 4.mmn). ne present calclla- - g 1ts. The bands with a strong dispersion located below
tions have been performed in the antiferromagn&iEM)

ic doubl I with a bod d | —3.5 eV are mostly due to O states, while the Ni 8
magnetic double cell, with a body-centered tetragonal Strucg hitas are responsible for the bands closer to the gap. To be
ture and space groupy;, (1,/mmn). We use the experi-

; more specific, the symmetry of some relevant states at the
mental CggSty1{CUO, lattice constantsa=5.46 A and 7 point is indicated in Fig. 1 by the symbdlg, ande,, with

c=6.4 A. Both the in-plane and the out-of-plane-spin a1 and | indicating the states which are mostly localized on

IV. RESULTS FOR TRANSITION-METAL OXIDES

rangements were assumed to be antiferromagifetic. the Ni(1) and Ni2) sublattices, respectivefy.Very remark-
. ably, in our modelGW calculations, there is no gap between
B. Band gaps and magnetic moments the O 20 and Ni 3 bands, which merge in a wide region

The values of magnetic moments and energy gaps ar@roundl’, in contrast with the LSD results. Apart from this
summarized in Table I, and compared with both the experimajor difference, and from a change in the backfolded band
mental data®'?3*-**and the theoretical values obtained around—5 eV (which gets more Ni @ orbital character and
within the self-interaction correcte@®IC) density functional becomes slightly more flat alorlg-Z), the overall shape of
theory'° and the LSD- U method'? For completeness, we the O 2o bands is pretty similar in the mod&W and within
also report in Table Il the corresponding results for MifO. the LSD. By inspection of the wave functions we can iden-
The magnetic moments, corrected to take into account théfy the extrema of the O @ complex at thd™ point as the
orbital contributior®® are shown in parentheses. Our resultslowest state at-6.9 eV and the twofold degenerate states at
are in good agreement with experiment and with the corre~—1.7 eV.
sponding values obtained using the SR&fs. 9 and 1Dand One of the major differences between the LSD calcula-
the LSD+ U'2 methods, improving drammatically upon the tions and experiments consists in the orbital character of the
LSD. In particular, our approach is in better agreement withfirst electron removal state, mostly Nd3n LSD, and mostly
experiment than both the SIC and LS for almost all the O in experiments. A general picture of the electronic states
energy gap values. A further discussion and comparison witkkan be obtained from the total and partial densities of states
the other theoretical schemes will be made on the basis of theDO9 (shown in Fig. 2 as calculated in the mod&W
densities of states. scheme and in the LSD approximation. We can see the large
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FIG. 1. LSD band structur¢a) of NiO, along with the self- L 0 T T \ T f
consistent modeG W results(b). 8 1 i
s 4 Nild
w)
(=1 eV) shift of the Ni states towards the O bands, relative ‘g 7
to the LSD case, which is in agreement with integrated § 21 ;
photoemissioff and O Ka x-ray emission spectroscopy 5 ] -
(XES) data®’ However, the most striking correction is the 2 0 ' v '
spreading of the Ni character over the whole occupied en- £ T Ni2d
ergy range, and the enhanced @ éharacter at the valence A 49
band maximum(VBM). Significantly, this shift of O and i ;
3d weights(relative to LSD is larger in NiO than in MnG° 2+
which has a simpler electronic structure and which is consid- i W, i
ered to be of m?xed charge-transfer Mott-Hubbard character. 0_8 6 4 2 0 2 4 6
If we analyze, in particular, the orbital character of
states, we find a large shift of the Nil3veight to higher BE, Energy (eV)
going from LSD to the modeGW. In fact, the flat back-
folded “oxygen” band at~—5 eV is o bonding with 60% FIG. 2. ModelGW (full lines) and the LSD(dashed linestotal

Ni(1) and 29% O character at tt& point [37% Ni(1) and  and partial densities of states for NiO.

50% O in LSD|. The corresponding, state at thez-point _ _ o

VBM is o antibonding with 36% Nil) and 55% O[59%  Sion experiment$ARPES.*° We report in Fig. 4 our bands,
Ni(1) and 35% O in LS. This character of VBM states is a together with the published results of Refs. 4 and 5 in Figs.
mean-field analog of the first ionization state expected by*@ and 4b), respectively. The alignment between experi-
many-body theory ¢8L states with E, symmetry, and mental and theoretical results is arbitrarily chose_n in order to
agrees with the predictions of LSBU calculations of Anisi- ~ fit the highest valence state Bt Our results are in general
mov, Zaanen, and AnderséhThe gap is found between 900d agreement with those of Shenal® in the low BE
these valence states having a substantial O component, afgion. Atl’, in particular, all of the experimental points for
conduction states localized on the(&ji atoms[75% Ni2) = E>—3.5 eV (the energy zero is chosen to be the VBM
and 19% Q, confirming the charge-transfer character of thecorrespond to calculated bands. Only the data points by
gap in NiO. We notice that the energy distance between thKuhlenbecket al. at the lowest BEin the middle of thel’-
above band at-5 eV and the center of gravity of Nid3
conduction states iss9 eV, which is of the order obl.

In order to investigate further the differences between the
LSD and the modelGW results, we compare in Fig. 3 the
total charge density calculated within the two schemes. The
charge depletion on Ni sites, and the corresponding increase
of the density around oxygen show that self-energy correc-
tions enhance the ionic character of the compound. This re-
sults from the increased Ni contribution & conduction
states(the e, character is evident in Fig.)3This difference,
however, is weak. If we integrate over the Ni muffin-tin
spheres, we obtaiw 0.04e less in the modeG W calculation
than in the LSD caséper atom. This charge depletion is
compensated by an equivalent gain inside O spheres.

The poles of one-electron Green’s functions are directly
related to the electron removal and addition energies, which k|G, 3. Contour plots of the difference between the model
are measured in direct and inverse-photoemission experisw and the LSD charge densities of NiO, along0@1) plane of
ments. Although we are not really calculating the energy+the fcc cell. Full and short-dashed lines correspond to positive and
dependent Green’s function, it is of interest to compare ouhegative contours, respectively, while the long-dashed lines corre-
energy bands with the results of angle-resolved photoemisspond to the zero level. Levels are given in units of 3a.u.
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FIG. 4. ModelGW self-consistent band struc-
0 0- ture of NiO, compared to the ARPES experi-

ments by Shemt al. (Ref. 4 (a) and with those
O EREATR: of Kuhlenbecket al. (Ref. 5 (b). Experimental

. ‘ 4 -..‘ i
e N HEANGI e A ;_k data along thd-Z line in (a) are by Shih(Ref.
e "; -4 z P Rt 8).

Energy (eV)

=
obastod

X r Z X r Z

X line) are out of place, perhaps indicating a misalignment of In order to investigate further the problem of the @ ?s
experimental and theoretical results. In any event, a few imNi 3d relative energy location, we show in Fig. 6 the O
provements relative to the LSD can be noticéfidue to the  2p partial density of states obtained with a 0.5 eV Gaussian
increased dispersion alordgZ of the band at the VBM in  broadening. The modéb W results have been shifted down
the modelGW, the highest valence band along tieX line by 0.7 eV in order to align perfectly the tails of the high BE
lies around 0.5 eV below the Fermi level, in closer agree-O region. Due to atomiclike selection rules, these results
ment with the results of Shegt al,;* (ii) the energy location should be comparable with theKx XES data’’ Relative to
and dispersion of the bands in the rang8 to —3.5 eV at  photoemission, XES has the advantage of being more bulk
X, fits quite well the ARPES data, contrary to the LSD. sensitive. The XES spectrum shows two major peaks, corre-
Considering the Ni @ region, the most recent experimen- sponding to the O band at higher BE, and to the Ni bands at
tal angle-resolved photoemission data are those by®ShiHower BE. We can see that the mo@&W results agree much
alongI'-Z. This direction is well suited for a detailed band better with the XES measurements, both in terms of the rela-
analysis, because of its high symmetry. The agreement beive energy location of peaks, and in terms of an increased O
tween calculated and experimental ARPES data in Fig. 4veight in the low BE region. The agreement regarding the
along this line is very good. All the experimental points co-shape of the O structure, however, is deteriorated in the
incide with bands calculated within the modeW scheme, modelGW results, relative to LSD. This is mostly due to the
and contrary to the LSD ca8ehis agreement extends down changes occurring for the, states around-5 eV. Dynami-
to Ni 3d states with higher binding energy=(—3 eV rela-  cal effects not taken into account by our model are probably
tive to the VBM). A particular but important aspect of this necessary to improve the agreement with XES in this energy
agreement concerns the dispersion ofehdand, located at region.
~—1.7 eV atl' and at the VBM at theZ point, after an Experimentally, the photoemission spectrum of NiO dis-
anticrossing with the,y bands. This agreement is very im- plays a high-energy satellite at about 9 eV below the Fermi
portant since it is the first time that ARPES experiments ddevel, usually interpreted as Ni” final state excitation&*8
show a significant dispersion for the first ionization states ofThis peak, separated by an enetdy; from the conduction
NiO. band(Ni d° final state§ corresponds in the Cl language to a
More problematic, however, is the comparison in the Oprocess in which an essentially unscreendda8le is created
2p region. Although the dispersion of these bands is well
reproduced by the calculations, the ARPES results of Shen
et al* seem to indicate higher BE. This is slightly less pro- 6
nounced in the data by Kuhlenbeekal?® The relative loca-
tion of Ni 3d and O 2 bands is a controversial issue. Angle-
integrated photoemissiéh and O Ka XES (Ref. 47
experiments point to the necessity of a downward shift of
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. 5
the model GW energy bands, as obtained with the step
model for 8¢ ~(q), and with the use of the Levine and
Louie?® dielectric function. The two sets of bands are very
similar in the low BE region, and differ mostly in the gap,
and in the distance between the @ and the Ni 3| states,
which are, respectively, smaller and larger by a few tenths of
an eV in the Levine and Louie model. This latter model FIG. 5. ModelGW self-consistent energy bands, obtained using
seems to be in slightly better agreement with angle-resolved step function foe ~1(q) (full lines), compared to those obtained
photoemission data. using the Levine-Louie modétlashed lines

Energy (eV)
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FIG. 6. O 2 partial density of states, broadened with 2 0.5eV  F|G. 7. ModelGW energy bands of CaCuQalong the main
Gaussian, obtained from mod@W (full line) and LSD (dashed  symmetry lines of the AFM Brillouin zone.

line).

on a metal atom, at the cost of a large enéfyin the cI Similarities with respect to the LSBU calculations. As in
approach theJ ¢ value is increased relative to the on-site 0Ur case, there is a large increase of O character in the low
interactionU by ligand-metal hybridization. The lower BE BE region relative to the LSD. This O component is larger in
ionization states, on the other hand, correspond®e-dfL.  the LSD+U results(note, however, that we used different
excitations, describing the creation of a hole in the Ni SPhere radji Another important similarity is the energy dif-
shell, followed by its screening by excitations involving the férence between the mostiyl3/alencee, | states(the struc-
bandlike O states. The satellite is not found in our calculafureé which is at==5 eV in our resultsand the & ¢
tion; this discrepancy, which constitutes the major differenc&sonduction band, which is a9 eV. SIC-LSD results;’
between our quasiparticle and the experimental electron ré2n the other hand, give most of the Nd Spectral weight
moval spectra in NiO, is not surprising, since our modelP€low the O  bands. The ability of these calculations to
self-energy is energy independent. Furthermore, as pointeg@Produce correctly the low binding energy spectrum of NiO
out by Aryasetiawan and GunnarssSreven the fullGw  cannot be fully assessed from the present literature, and the
approximation includes only in a mean-field way the creatiorf€lative main-line vs satellite intensity does not agree with
of virtual electron-hole pairéleading to the screening of the the experimental situation. Basically, the same physics re-
bare Coulomb interactionbut leaves out, e.g., ladder dia- Sults from the Hartree-Fock meth8twhich gives the Ni
grams representing repeated hole-hole scatterings, which adél bands below the O 2 bands.

expected to give rise to a strongly energy-dependent self- Since we are using a mod@W approach we need to
energy contribution. Therefore, we can expect the absence §Pmpare our results with th&W calculations by Aryase-

a high BE satellite also in fulGW calculations. Work is tiawan and Gunnarssdfi.Given the tremendous effort re-

in progress in this direction, beyond theGW quired by a full GW calculation on a complex system, their
approximatiorr®~>2 calculation was not fully self-consistent, and cannot be di-
Considering the regioE>—8 eV, it is very difficult to  rectly cor_‘npared with ours. There_fore_, we performe(_j a non-
estimate what would be the effect of including such correcSelf-consistent modeGW calculation(including nondiago-
tions. We can speculate, however, that the formation of &al matrix elements using the self-consistent LSD potential
satellite would remove spectral weight from the states havin?nd wave functions. Relative to the LSD bands, we found a
large Ni character, namely, the states near the Fermi levelarge opening of the gap(2 eV), and a downward shift of
and the flate; bands at~—5 eV, clearly identified in the 3d states; these bands, however, are quite different from the
Ni(1) PDOS. We can expect the related energy changes to [f€lf-consistent ones. This is expected, since unlike the case
larger for the higher BE states, and to correspond very likely?f simple semiconductor&W and LSD wave functions are
to an upward shift of the flat band at—5 eV. Such a shift significantly different from each other in an AFM system.
would bring this band into better agreement with the photo-Our results are in reasonable agreement with the bands of
emission experiments by Shen a|_,4 in particu'ar with the Ref. 19 (mUCh more than the fu”y self-consistent model
band indicated by crosses by these authors in their Fig. 185 W results of Fig. 1 In particular, we agree on the down-
The corresponding changes in thepdPDOS (an increased Ward shift of thet,y bands around-2 eV, and on the in-
O content in the higher BE stateare also expected to im- creased splitting of the twey-like states around-4 eV at
prove the agreement with XES experiments. This viewZ. Considering the differencies between the two methods, we
seems to be supported in the self-energy calculations bfgel that this agreement is satisfactory.
Manghi, Calandra, and Ossicifiiand by Mizokawa and

Fujimori.>®
Finally, it is interesting to compare our results with the D. CaCuo,
PDOS obtained by LSBU (Ref. 12 and SIC (Ref. 10 We show in Fig. 7 the energy bands of CaGu&dong the

calculations. Our PDOS show differences, but also importanK-I'-Z lines of the AFM body-centered tetragonal Brillouin
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zone. The situation for this compound differs from that of
transition-metal monoxides, since the Cdi@nd O 2 states FIG. 9. Model GW total and partial densities of states for
form here a single, strongly hybridized,7 eV wide valence CaCuG,. Full and dashed lines refer to and =-bonded O »
band. The conduction band is separated from the VBM at thetates in the middle panel and to @u and C42) o-bonded
I'-Z midpoint by a gap of 1.4 eYexperiment gives 1.5 eV d,2_,2 states in the lower panel.
(Ref. 44]. There is more symmetry in the band structure
around the energy gap in CaCyGhan in TMO (see, for
instance, Fig. L Due to the number of bands and to the
complexity of their dispersion, we comment only on the

separation of=8 eV between the occupied spirand empty
spin | d,2_,2 states, and the general shape of their PDOS
and ours is very similar.

highest occupied and lowest empty states, by plotting their V. CONCLUSIONS
charge distributiorcalculated at thé'-Z midpoing in Fig. 8. i
We can see that these states are logibr antibonding com- In summary, we have seen that our calculations, based on

a modelGW scheme, provide in many respects a reasonably
Ogood description of band gaps, magnetic moments, and of
the low BE electron removal spectrum in TMO'’s, confirming
tests of the method performed on simple semiconductors.
charge-transfer character of the gap. In Fig. 9 we plot th The satellite structures Qbserved in photoemission spectra,

' : owever, are not found in our calculations. Our results for

total and partial densities of states of CaGu@s it is well NiO and CaCuQ are consistent with those of mean-field
known, the strongest chemical bonds in the high-temperaturegp . (j calculations.

superconducting copper oxides are the in-planedCau 2
—0O py,y o bonds. Therefore, we separate in Fig. 9 the partial ACKNOWLEDGMENTS
density of w-bonded and ofr-bonded Op states, and we
plot only thed,2_,2 PDOS for the two Cu atomic sites. We

binations of Cu 8 and O 2 orbitals, located on the two
different spin sublattices. However, the VBM has a larger
charactef28% Cuy1) and 55% Q relative to the conduction
band minimum[50% Cuy2) and 37% Q, evidencing the
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