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Electronic structure of the MO oxides „MÄMg, Ca, Ti, V… in the GW approximation

Atsushi Yamasaki* and Takeo Fujiwara†
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The quasiparticle band structures of nonmagnetic monoxidesMO (M5Mg, Ca, Ti and V!, are calculated by
the GW approximation. The band gap and the width of occupied oxygen 2p states in insulating MgO and CaO
agree with experimental observation. In metallic TiO and VO, conduction bands originated from metal 3d
states become narrower. Then the partial densities of transition metaleg and t2g states show an enhanced dip
between the two. The effects of static screening and dynamical correlation are discussed in detail in compari-
son with the results of the Hartree-Fock approximation and the static Coulomb hole plus screened exchange
approximation. Thed-d Coulomb interaction is shown to be very much reduced by on-site and off-site
d-electron screening in TiO and VO. The dielectric function and the energy loss spectrum are also presented
and discussed in detail.
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I. INTRODUCTION

The first-principle electronic structure calculation, bas
on the local-density approximation~LDA ! within the
density-functional theory~DFT!,1 has had great success
theoretical investigations of the ground state property of c
densed matters. However, in many LDA calculations,
band gap is unsatisfactory underestimated in insulators
semiconductors. In the electronic structure of 3d transition
metals calculated by the LDA, the occupied 3d band width is
too broad, the exchange splitting is overestimated and
satellite structure in the x-ray photoemission spectrosc
~XPS! does not appear. These quantities are associated
quasiparticle properties. The transition metal monoxidesTO
(T5Mn, Fe, Co, and Ni! are wide-gap antiferromagneti
insulators in experiments, but FeO and CoO appear as
als, and MnO and NiO as small-gap semiconductors in
LDA.2 The magnetic moments ofTO are underestimated b
the LDA.

The electronic structure in strongly correlated electr
systems has been highly challenging field. The self-Coulo
and self-exchange interactions almost cancel with each o
in many cases of the LDA but still not completely inTO.3

The self-interaction corrected LDA~SIC-LDA! has been ap-
plied to transition metal monoxides.4,5 It gives satisfactory
results for the band gap and magnetic moments in the t
sition metal monoxidesTO (T5Mn, Fe, Co, and Ni! except
VO. The LDA1U method6–8 works reasonably well for the
Mott-Hubbard insulators or rare earth metal compoun
where the 3d or 4f bands are partially filled. The LDA1U
method is a static limit of the GW approximation~GWA!.8

However, application of the LDA1U method to early tran-
sition metal monoxides TiO and VO would lead to antiferr
magnetic insulators rather than paramagnetic metals.6

The GWA is the first term approximation of the man
body perturbation series for the Green function, and i
simple but excellent method to calculate the self-energy w
the dynamical correlation.9,10 On the other hand, the HF ap
proximation overestimates the band gap in insulators
semiconductors because of the lack of the screening te
and gives zero density of states at the Fermi level in
0163-1829/2002/66~24!/245108~9!/$20.00 66 2451
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electron gas. In the GWA, there is no self-interaction beca
the exchange term of the GWA is of the Hartree-Fock ty
The dynamical correlation effect in the GWA is treated
the random-phase approximation~RPA!. In the GWA, the
dynamical effects give rise to important features that are
accounted for by the HF approximation, for example, dam
ing of quasiparticles and characteristic structure in the sp
tral function. The screening effects recover the finite dens
of states at the Fermi level. The band gap is corrected
reduced in the GWA by the dynamical screening effects
comparison with the one of the HF approximation. The d
namical correlation effect is important for the band width
the transition metals.11 We could not expect improvement i
the GWA for the exchange splitting and satellite structu
because it needs higher order diagrams~e.g., vertex correc-
tions! for electron-electron and hole-hole scatteri
processes.12

The GWA has been applied to several real syste
for example, simple metals,13 semiconductors and
insulators,14–16 transition metals,17 and transition metal
monoxides.18 In simple metals and semiconductors, t
GWA can be formulated with plane wave basis set based
the pseudopotential method and the plasmon pole appr
mation has been often used for calculating dielec
function.14 In contrast, transition metals and their compoun
have strong atomic potentials and the GWA based on
pseudopotential method cannot be applied because of res
tion of the number of plane waves. It is essentially importa
to include core electrons in many cases and, moreover,
plasmon pole approximation is not applicable to the diel
tric function for transition metals and their compounds b
cause there is no isolated plasmon pole. Therefore,
electron calculation and no plasmon-pole approximation
the dielectric function are required for transition metals a
their compounds.

The GW calculation of Ni, based on the linearize
augmented-plane-wave~LAPW! basis and no approximatio
in the dielectric function, gives results in good agreem
with experiments.17 The modeling of the screened interactio
in the GWA is able to explain satisfactorily photoemissi
spectra in MnO,19 NiO,20 and VO2.21 In the pioneering work
©2002 The American Physical Society08-1
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of the GW calculation of NiO by Aryasetiawan, the band g
and magnetic moment agree quite well with experimen
values.18 In the analysis of photoemission spectroscopy
the cluster configuration-interaction theory, NiO is assign
as a charge-transfer type insulator,22 but in the LDA it is
classified as a Mott-Hubbard type insulator because the t
sition metal 3d bands appear at higher energy than oxyg
2p bands.2 The relative position of the oxygen 2p states of
the GWA is also improved in comparison with that of th
LDA. However, the top of the valence bands in the GWA
mainly Ni 3d states and NiO could not be a charge-trans
type insulator.

In most GW calculations, full self-consistency is not ca
ried out. The self-consistency in the GW calculations c
maintain the conservation laws of particle number, ene
and momentum.23 However such treatment cannot guaran
better agreement with experimental results.24

Because it is derived from many-body perturbati
theory, the GWA is applicable to wide variety of classes
systems, and should be tested in various systems. In
paper, the GW method based on the linear muffin-tin orb
~LMTO! method25 is applied to several nonmagnetic oxide
insulating MgO, CaO and metallic TiO, VO. Only the ele
tronic structure in MgO was calculated by the GWA before16

The insulators MgO and CaO are typical simple oxid
whose insulating band gap is underestimated by the LD
TiO, and VO are non-magnetic metallic oxides. In the LD
their characteristics are very similar. We will discuss t
electronic band structure and its systematic variation
MgO, CaO, TiO and VO, concerning with theE-k relation,
band gap, band width, the density of states, plasmon freq
cies, structures in the energy loss spectrum, and other p
erties. We will also discuss the correlation effects, includ
the strength of the Coulomb interaction withd-d screening
effects.

The paper is organized as follows. A simple review on
theoretical framework will be given in Sec. II. The results f
these systems are presented and discussed in Sec. III
dielectric function and the energy loss spectrum are also
cussed. Finally, in Sec. IV we present our summary.

II. THEORY

A. GW approximation

When effects of dynamical correlation are included, t
self-energy is expressed formally as a series expansio
dynamically screened interaction. The GWA replaces
self-energy by the lowest order term of the expansion
S(1,2)5 iG(1,2)W(1,2). G is the one particle Green func
tion and the dynamically screened interactionW is defined
by

W~1,2!5E d~3!«21~1,3!v~3,2!, ~1!

5v~1,2!1E d~34!v~1,3!x0~3,4!W~4,2!, ~2!

5v~1,2!1Wc~1,2!, ~3!

where« is the dynamical dielectric function,v is the bare
Coulomb potential andx0 is the irreducible polarization
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function x0(1,2)52 iG(1,2)G(2,1). Here we use an abbre
viated notation (1)5(r1 ,s1 ,t1) and v(1,2)5v(r1 ,r2)d(t1
2t2). Equation~2! can be treated by the RPA.

We adopt the LDA Hamiltonian to be the unperturbed o
H0,

H05T1VH1VLDA
xc . ~4!

HereT is the kinetic energy,VH is the Hartree potential, and
VLDA

xc is the exchange-correlation potential in the LDA. W
presume the wave functions$ckn(r )% of the LDA to be a
reasonably good starting wave functions, though this
sumption should be carefully investigated in details. Th
the self-energy can be written by three terms as

DS5Sx1Sc2VLDA
xc , ~5!

whereSx(5 iGv) is the exchange part~the Fock term! and
Sc(5 iGWc) is the dynamical correlation part. The quasipa
ticle energy is given as

Ekn5ekn1ZknDSkn~ekn!, ~6!

whereekn is the LDA eigenvalue. The self-energyDSkn and
the renormalization factorZkn , the weight of the spectra
function, are given by

DSkn~ekn!5^cknuSx1Sc~ekn!2VLDA
xc uckn&, ~7!

Zkn5F12
]DSkn~v!

]v U
v5ekn

G21

. ~8!

The renormalization factorZkn is a measure of the occupa
tion number and should equal to the discontinuity of occ
pation number at the Fermi energy. Therefore it should s
isfy the conditionZkn<1. In the present work we perform
one iteration calculation without self-consistency.

In order to know the difference of the dynamical an
static screening effects, we also apply the static Coulo
hole plus screened exchange~COHSEX! approximation for
the self-energy by Hedin.9 The static COHSEX approxima
tion can be obtained by neglecting energy dependence o
self-energy. Then the self-energy is expressed as

SSEX~r ,r 8!52(
kn

occ

ckn~r !ckn* ~r 8!W~r ,r 8;v50!, ~9!

SCOH~r ,r 8!5
1

2
d~r2r 8!@W~r ,r 8;v50!2v~r ,r 8!#,

~10!

whereSSEX is the screened-exchange term andSCOH is the
Coulomb-hole term which becomes the local potential in
static approximation. The self-energy matrix element
W(r ,r 8:v50) in the d orbitals is the Coulomb interaction
including thed-d screening, which will be discussed in th
following section.
8-2
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FIG. 1. The energy bands of MgO~left! and
CaO ~right!, calculated by the LDA~solid lines!
and the GWA~dashed lines! along high symmetry
lines. The closed circles are the calculated poi
in the GWA. The high symmetry points ar
L5(1/2,1/2,1/2), G5(0,0,0), X5(1,0,0),
W5(1,1/2,0), andK5(3/4,3/4,0).
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B. LMTO minimal basis set and choice of LMTO parameters

Because the plane wave basis becomes very costly
systems containing 3d or 4f electrons, the LMTO method25

is more appropriate. We use the LMTO basis setxRLn(r )
within the atomic sphere approximation~ASA! for the LDA
calculation. HereL is angular momentumL5( l , m). The
LMTO can be expanded by the muffin-tin orbitalfRLn(r )
and its energy derivativeḟRLn(r ). The product basis
formalism31 is used and proved to be very efficient. Comp
tational details and numerical technique are shown in App
dixes A and B.

The lattice constants of MgO, CaO, TiO, and VO area
54.2122, 4.8105, 4.1766, and 4.062 Å, respectivel32

Empty spheres~ES’s! are often necessarily introduced in th
ASA formalism except in closed packing lattices. The calc
lation of insulating MgO and CaO without ES gives a larg
GW band gap by about 1 eV than that of calculation with o
ES. In the metallic TiO and VO, proper states are not
tained by the calculation without ES’s in the LDA. In th
case of two or more ES’s in NaCl type structure, the radii
ES become too small. In the calculation with two ES’s t
band gap is almost the same as in the calculation with
ES. Therefore, the one type of ES is enough in the NaCl t
structure. In the present paper, we use the following set
radii ~in atomic unit! of atomic spheres:~Mg, O, ES!5~2.21,
2.21, 1.62!, ~Ca, O, ES!5~3.03, 2.19, 1.49!, ~Ti, O, ES!
5~2.71, 1.87, 1.13!, and ~V, O, ES!5~2.58, 1.91, 1.12!. In
metallic systems we use 512 (83838) mesh points to have
enough convergence. On the other hand, in insulating
tems smaller number of mesh points 64 (43434) is good
enough to achieve a convergence because of the existen
the band gap.

We must treat the wide energy range in the calculation
the dielectric function and, therefore, use a sufficient num
of LMTO’s. The energy-dependent polarization functio
x0(v) has a long tail in higher energy range and, therefo
metal f and oxygend or f orbitals are included for the GWA
in the present work, though these orbitals are omitted usu
in the LDA. The existence of ES is important but high
order orbitals in ES are not essential. The set of the m
mum orbitalsl of the LMTO basis in M, O and ES atomi
24510
or

-
n-

-
r
e
-

f

e
e
of

s-

of

f
r

,

lly

i-

spheres are chosen to be (f f s) for MgO, (f f d) for CaO,
( f ds) for TiO, and (f ds) for VO. In CaO, since the band ga
becomes narrower, we include the basis of ES with hig
angular momentum. There are no essential differences
tween the different choices but the above choice is the b
for the band gap within60.1 eV.

III. RESULTS AND DISCUSSIONS

A. Energy band structure

1. Insulator: MgO and CaO

MgO and CaO are ionic crystals and are band insulat
In MgO, the band gap separates the unoccupied oxygenp
valence bands and the unoccupied magnesium 3s-3p con-
duction bands. In CaO the band gap locates between
unoccupied 4s-4p conduction bands and the unoccupied c
cium 3d conduction bands. The band structures of MgO a
CaO, calculated both in the LDA and the GWA, are shown
Fig. 1 along high symmetry lines. The band gap, the width
the upper valence bands and the position of the low ly
oxygen 2s band are summarized in Table I, in comparis
with those by the LDA and the HF approximation. Our r
sults of MgO are in good agreement with those of the pre
ous GW calculation.16

The band gap in the GWA is found to be 8.2 eV in Mg
and 6.64 eV in CaO, which are in good agreement with
experimental values 7.8 and 7.1 eV,29 respectively. The band
gap in MgO is the direct one atG point both in the LDA and
the GWA as in experiments. The band gap in CaO is
indirect one betweenG and X points in the GWA as in the
LDA, although the energy difference between theG-G gap
andG-X gap becomes smaller in the GWA. The conducti
band minimum at theX point originates from metallicd
states and the lowering the conduction band minimum at
X point is due to deepening of the potential of the metal io
On the other hand, the direct gap of CaO at theG point was
proposed by the HF approximation with correlation calc
lated by the second order perturbation theory.28 We are not
aware of any angle-resolved photoemission or inverse p
toemission experiments on CaO, and the nature of the
8-3
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TABLE I. The band gapEG , the width of valence bandWv , and the position of the Os bandEOs
in

insulating MgO and CaO. The unit is~eV!.

MgO CaO
LDA HF COHSEX GWA expt. LDA HF COHSEX GWA expt.

EG 5.2 18.4,a 16.5,b 17.6c 9.6 8.2 7.8d 3.65 15.9c 7.7 6.64 7.1d

Wv 5.0 10.4,a 5.8,b 7.64c 5.6 5.0 5.0–6.0d 2.8 3.43c 3.4 2.9
EOs

;16 ;40, a ;24 c ;19 ;17 18–21e ;15 ;17 ;16

aReference 26.
bReference 27.
c~Uncorrelated! HF results in Ref. 28. Correlated HF results areEG58.21 eV in MgO andEG57.74 eV in
CaO.

dReference 29.
eReference 30.
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damental gap of CaO cannot be concluded at present.
The GWA valence band width is 5.0 eV in MgO and 2

eV in CaO, which are in good agreement with experime
and almost the same as those of the LDA. The LDA vale
band width is generally narrower in general than the GW
and the observation, because the wave functions of vale
states are more concentrated on atomic sites by local
proximation in the LDA, and the effect of the exchange a
correlation effects are much enhanced.33 However, because
the valence bands are oxygen 2p states, such exchange an
correlation effects do not affect much in MgO and CaO a
band width reduction is not much. In the calculation with t
exact-exchange~EXX! potential,34 the valence band width o
MgO and CaO is narrower than the one in the LDA but t
is due to the different reason. In the EXX calculation, t
exchange energy is approximated by the spherically sym
trized Fock term and the correlation energy is replaced
that of the LDA. The EXX potential is larger in compariso
with the LDA exchange potential and gives narrower valen
bands of MgO and CaO. In the HF approximation, whi
includes the non-local interaction, the valence band widt
broadened, for instance, in MgO.26,27 But the band gap and
band width are overestimated in the HF approximation d
to the lack of screening effects. In the GWA the valence ba
width is reduced in comparison with the HF method.

The position of oxygen 2s band is pushed down in th
GWA so it is close to the experimental value. The LD
makes the core or semicore states locate into shallow en
regions, compared with experiments, because the LDA
tential contains self-interaction.

The self-energy and the correctionZDS to the LDA en-
ergy of MgO are shown in the left side of Fig. 2. The gap
the top of the valence bands~the energy zeroth! is seen in the
self-energy and as a result the energy correctionZDS has the
discontinuity. In conduction bands, fluctuations ofSx and
VLDA

xc are caused by different orbital characters, but the c
rection termsZDS converge to almost constant value. T
correction terms of the highest valence bandZHVB and those
of the lowest conduction bandZLCB are as follows: in MgO,
ZHVB50.75–0.8 and ZLCB50.83–0.87; in CaO,ZHVB
50.73–0.75 andZLCB50.80–0.85. The smallerZ of CaO
shows that the electron-electron correlation in CaO is str
ger than in MgO.
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To see the dynamical screening effects in MgO and C
we also calculated the energy band structure by using
static COHSEX approximation and shown in Table I. In t
static COHSEX approximation, the band gap is mu
smaller than the HF results but is still overestimated to be
eV in MgO and 7.7 eV in CaO. The reduction of the ba
gap from the HF result to the static COHSEX result and t
from the static COHSEX result to the GW result are attr
uted to the static screening effect and the dynamical scre
ing effect, respectively. Therefore, in MgO and CaO, t
static screening is the major contribution rather than the
namical effects. The valence band width is 5.6 eV in Mg
and 3.4 eV in CaO in the static COHSEX approximation.
the GWA the valence band width is slightly reduced in co
parison with the static COHSEX approximation. The redu
tion from that of the HF approximation to that of the sta
COHSEX approximation is much larger in MgO, because
the large difference of electronegativity and resultant imp
tance of the static screening. The comparison of the b
width by the GWA with that by the static COHSEX approx
mation clearly shows that the dynamical effects are app
ciable in the electron-electron correlation.

2. Metal: TiO and VO

TiO and VO are metals, showing typical properties
covalent crystals such as high melting temperature and

FIG. 2. Energy dependence of the self-energy of MgO~left! and
TiO ~right!. The closed diamond forVLDA

xc , the open triangles for
Sx, the open squares forSc, and the closed circles forZDS.
8-4
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FIG. 3. The energy bands of TiO~left! and
VO ~right!, calculated by the LDA~solid lines!
and by the GWA~dashed lines! along high sym-
metry lines. The closed circles are the calculat
points in the GWA. The highest energy band
the figure is mainly from metals states. For the
symmetry points, see the caption of Fig. 1.
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treme hardness. The band structures of TiO and VO
shown in Fig. 3, calculated both in the LDA and the GW
and summarized in Table II. In the LDA the oxygen 2s states
are located around about 22 eV belowEF in TiO and VO.
These oxygen 2s states are separated by about 11 eV fr
the bonding states consisting of metal 3d and oxygen 2p
orbitals in both TiO and VO, mainly oxygen 2p, at 7
;10 eV belowEF . A real gap of about 2 eV in TiO and tha
of about 1.5 eV in VO can be seen between this bond
states ~mainly oxygen 2p) and the antibonding state
~mainly transition metal 3d) at aroundEF . The occupied
conduction states are heavily dominated by transition m
3d orbitals.

The band width of metal 3d states becomes narrower
the GWA than in the LDA. The occupied 3d band width
from the UPS and XPS is about 3 eV in TiO1.03.35 The width
of the unoccupied 3d band in the GWA agrees with that o
the BIS spectra.35

In TiO and VO the width of oxygen 2p valence band in
the GWA becomes narrower in comparison with that of
LDA, which is not the case in MgO and CaO. The hybri
ization is very small in MgO and CaO. In TiO and VO, th
hybridization between the transition metal 3d and oxygen
2p increases due to deepening metal 3d states with the in-
crease of thed electron. Once one adopts the GWA, the wa
functions of valence bands are localized more due to
screening effects and the width of the band arou

TABLE II. The band width of O 2p bandW2p , the position of
O s bandEOs

, and the band width of transition metal 3d bandW3d ,
Wt2g

, andWeg
in metallic TiO and VO. The unit is~eV!.

TiO VO
LDA COHSEX GWA LDA COHSEX GWA

W2p 4.6 4.7 4.1 5.2 5.3 4.6
EOs

;22 ;25 ;23 ;22.5 ;25 ;23

W3d 8.4 9.1 6.8 8.1 7.6 6.4
Wt2g

6.5 6.1 4.3 6.4 5.4 3.8
Weg

4.1 4.1 3.2 4.5 4.4 3.3
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210 eV becomes narrower. Then the conduction bands
lifted to higher energy side, relative to the lower energy ox
gen 2p ~bonding! band in TiO and VO. The effects of th
reduction of the conduction~transition metal 3d) band width
also causes the increasing the separation betweeneg and t2g

states. The position of oxygen 2s band is also pushed dow
by the GW correction, and this is caused by the se
interaction correction as in MgO and CaO.

The self-energy and the correctionZDS to the LDA en-
ergy of TiO are shown in the right side of Fig. 2. In contra
to insulating system MgO three parts of the self-energy a
the energy correctionZDS are continuous at the Fermi en
ergyEF , which are the typical properties of the Fermi liqui
The renormalization factor of transition metal 3d states is
Z50.55–0.65 in TiO andZ50.51–0.63 in VO.Z of oxygen
2p states is about 0.7–0.8 in both systems. Those result
the renormalization factor suggest that the interaction
tween 3d electrons is strong, and the correlation in VO
larger than in TiO.

The d-d Coulomb interaction̂fdfduW(v50)ufdfd& is
calculated to be about 1.5 eV both in TiO and VO. The b
Coulomb interaction^fdfduvufdfd& is actually 15.3 eV
in TiO and 17.8 eV in VO. Then the correlatio
term ^fdfduWc(v50)ufdfd& is 213.7 eV in TiO and
216.3 eV in VO. Therefore, the correlation effects and t
static screening~at the Fermi energy! are quite important in
these metallic oxides. We should mention that thed-d Cou-
lomb interaction^fdfduW(v50)ufdfd& is different from
the HubbardU evaluated from the LDA, which includes onl
screening by on-sited electrons. The term̂ fdfduW(v
50)ufdfd& includes the screening effects by both on-s
and off-sited electrons.36

The density of states~DOS! of transition metal 3d orbit-
als are shown in Fig. 4. In the calculation of the density
states in the present GWA, the eigenvalues were replace
those of the GWA but the eigenfunctions were the same
those of the LDA, and the lifetime~from imaginary part of
the self-energy! of quasiparticle was not considered. Th
transition metaleg states are pushed up in the GWA and t
eg-t2g separation becomes much clearer than in LDA resu
8-5
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FIG. 4. Total and projected DOS in a trans
tion metal atom in TiO and VO by the LDA~bot-
tom! and the GWA~top!. The solid lines for the
total DOS in a unit cell, the dotted lines for th
partial DOS of transition metal 3d-eg states and
the chain lines for the partial DOS of transitio
metal 3d-t2g states. The contribution by the oxy
gen atom is small in this energy range.
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To see the dynamical correlation effects in TiO and V
we also show the results by the static COHSEX approxim
tion in Table II. The band width of the static COHSEX a
proximation does not become narrower appreciably in co
parison with the LDA results. The reduction by the GWA
much appreciable. We could conclude that the band w
reduction is mainly due to the dynamical correlations. T
importance of the dynamical correlation was also mentio
in the 3d band width of 3d ferromagnetic transition metals.11

Application of the LDA1U method to TiO and VO lead
to antiferromagnetic insulators rather than paramagnetic m
als, when one uses theU value obtained by the LDA and th
photoemission spectra.6 However, as already shown, thed-d
Coulomb interaction ^fdfduWc(v50)ufdfd& is much
smaller by the correlation effects.
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B. Energy loss spectrum and plasmon frequency

The dielectric function is seen in the procedure of the G
calculation. We show the dielectric functions and the elect
energy-loss spectra~EELS! in Fig. 5 for q52p/
a(0.25,0,0), using 512k points in the Brillouin zone.

The dielectric function consists of a part of free electr
contribution and a part of interband transition.37 The plasmon
frequencyvpl corresponds to the zeroth of the free electr
part of the dielectric function and the peak of the EEL
When the interband transition exists at lower energy side
the plasmon frequency, the frequency of vanishing«(q,v)
shifts towards higher frequency side. This is the shift of t
plasma edge in the dielectric functions of metals or the s
of the plasmon peak in the EELS. The peaks of the ima
nary part of the dielectric function«(v) appear essentially a
n
FIG. 5. From left to right, spectra of MgO, CaO, TiO, and VO are shown. Upper panel and lower panel are the dielectric functio«(v)
and the electron energy-loss spectra~EELS! «21(v) for q52p/a(0.25,0,0).
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the energies of interband excitations. On the other hand,
peaks of the EELS appear at positions where the dielec
function vanishes or becomes very small. Therefore,
EELS have complex structure originated from the situat
of the coexistence, in a narrow energy region, of the plas
edge and the interband transition. This is the case in tra
tion metal monoxides and it may be very interesting to
the difference or the similarity of the dielectric functions a
the EELS of MgO, CaO, TiO, and VO.

The interband transition from O 2p to metal 3d appears at
about 10 eV in CaO, TiO, and VO but that of MgO locates
much higher energy. In MgO, the transition from O 2p to
metal 3s-3p creates a broad peak of«(v) at about 12 eV.
On the other hand, the transition from O 2p to metal 4s-4p
makes a structure of«(v) at about 15–20 eV in CaO, a
about 20–27 eV in TiO and VO. The sharp peaks of«(v) at
1.5 eV in TiO and at 1.1 eV in VO are created by me
3d-3d transition. The dielectric function of metals shou
reduce generally to zero nearv50 and then show the Drud
peak atv50. In metallic compounds TiO and VO, low en
ergy excitation peaks of«(v) exist down to 0.2–0.3 eV
Then the nonzero value of Im«(v50) in Fig. 5 is the arti-
fact caused by broadening these low frequency peaks o
irreducible polarization functionx0 by Gaussian with a
width of s'0.7 eV.

In the EELS, the sharp peak of metallic TiO and VO a
eV is originated from metal 3d-3d transition. The transition
from O 2p to metal 3d generates the peak at 14 eV in Ca
and at 18 eV in TiO and VO. The shoulder at around 17
in MgO is caused by the transition from O 2p to metal
3s-3p because the imaginary part of dielectric function ha
relatively large nonzero value at this energy due to bro
peak of interband transition. The plasmon peak shifts fr
21.1 to 25.0 eV in MgO, from 17.2 to 21.8 eV in CaO, fro
24.6 to 27.8 eV in TiO, and from 27.2 to 29.9 eV in VO du
to interband transitions. In this estimation of the plasm
frequency, we adopted the number of electrons to be 6
MgO and CaO~metals and O 2p electrons!, 8 for TiO ~Ti
3d,4s and O 2p), and 9 for VO~V 3d,4s and O 2p).

IV. SUMMARY

We applied the GWA to the nonmagnetic oxides Mg
CaO, TiO, and VO. Band gap and occupied oxygen 2p band
width in insulating MgO and CaO are in good agreem
with experimental results. In both systems oxygen 2s level is
pushed down, because the self-interaction is corrected in
GWA. We compare the results by the GWA with those by t
static COHSEX approximation and discussed the effects
the dynamical correlation. In metallic TiO and VO, the ba
width of transition metaleg and t2g states become narrowe
due to the correlation effects.

We also present values of thed-d Coulomb interaction in
TiO and VO and showed the crucial role of the dynami
correlation in these systems. The GW method may be on
the most appropriate method which can provide the inform
tion of the electron-electron interaction with screening
fects.

The actual wave functions should differ from those in t
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LDA when the effects of dynamical correlation are include
The choice of the starting wave functions or equivalently
choice of the unperturbed Hamiltonian in the GWA may
very important from this point. This may be very essent
for the characteristics in the magnetic transition metal oxi
but still open for the future study.
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APPENDIX A: COMPUTATIONAL DETAILS

Since the wave functionc is written in terms of the
LMTO basis functionsx, the Hilbert space of the self-energ
is spanned by the product basis as

$S%5$cc%5$xx%5$ff%1$fḟ%1$ḟḟ%. ~A1!

In the present calculations, because of a proper choice o
energy parameters the absolute values of the mixing co
cients ofḟ to f are less than 0.1 for all terms and the nor
of ḟ, ^ḟḟ&, is 0.1;0.3 even in the largest case. Then t
terms includingḟ can be dropped out safely and the se
energy S can be expanded byf l 8m8n8

* (r )f lmn(r )

5f l 8n8(ur u)f ln(ur u)Yl 8m8
* ( r̂ )Ylm( r̂ ). The product of two

spherical harmonics is reduced to the linear combination
one spherical harmonics. Consequently we can construc
new basis set

B̃Rl 8n8 ln; l 9m9
k

~rR!

5(
T

eik•Tf l 8n8~ urRTu!f ln~ urRTu!Yl 9m9~ r̂ RT!,

~A2!

whereL9 is depend onl 8 and l, that is u l 2 l 8u< l 9( l 8,l )< l
1 l 8 and um9( l 8,l )u< l 9( l 8,l ), and rRT5r2R2T. The or-
thonormal basis setB can be produced by the linear comb
nation of the nonorthogonal basis setB̃ as Bi

k5( j B̃ j
kD ji

k ,
where j 5(Rl 8n8ln; l 9m9), i is a new suffix in the orthonor-
mal basis set andD is the transformation matrix from the
nonorthonormal basis to the orthonormal basis. Here we
the convenient notation

uBi
k&[u i k&5u ĩ k&D

k, u ĩ k&[uB̃i
k&. ~A3!

The matrix Dk is obtained by orthogonalizing the overla
matrix Oi j

k 5^ ĩ ku j̃ k&.
8-7
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We can expand the self-energy in terms of the new ort
normal basis setu i k&. To calculate the self-energy we firs
calculate the polarization functionx0 with the nonorthonor-
mal basis.

The Coulomb potential is calculated by using the b
structure constant of the LMTO method.38 In this method,
two parts of the Coulomb matrix can be calculated se
rately, on-site and off-site parts, by using the LMTO ba
structure constantS0(q).

Next we need to transform from nonorthonormal ba
u ĩ k& to orthonormal basisu i k&, that is^ ĩ ux0u j̃ &→^ i ux0u j & and

^ ĩ uvu j̃ &→^ i uvu j &. Within the orthonormal basis we can ca
culate the response functionx5(12x0v)21x0 and the
screened Coulomb potentialWc5vxv. Finally the self-
energy can be obtained by the inverse transformation f
the orthogonal basis to the nonorthogonal basis, and
from the product basis to the Bloch basis.

The number of basis set can be reduced by exclud
terms of higherl 9. We have studied the dependence on
choice of the maximuml 9’s for set of l 9 in ~Mg, O, ES!
atomic spheres being~3,3,0!, ~4,4,0!, and ~6,6,0!. The con-
figuration ~6,6,0! corresponds to the full calculation for o
bital f for metals,f for oxygen ands for ES. The total number
of product bases of~3,3,0!, ~4,4,0!, and~6,6,0! are 120, 174,
and 222, respectively. The proper choice may be a set of
maximuml 9’s which produces the total number of the pro
uct basis nearly equals to a half of that in the maxim
choice. For example, the product basis of~3,3,0! may be
enough for the set of thef f s Bloch orbitals. In present work
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the full product basis is selected, but this way of produ
basis reduction is very effective and powerful for lar
systems.

APPENDIX B: NUMERICAL TECHNIQUE

In the calculation of the self-energy, the integration is p
formed over the whole Brillouin zone. The Coulomb matr
v(q) has a singularity atq50 asF(q)51/uqu2. The integra-
tion of v(q) over the Brillouin zone does not diverge b
special cares are needed not only for theq50 term but for
small finiteq. In the present calculation, the integration ov
the Brillouin zone is replaced by the summation over discr
points. We use a set of discrete points distributed dens
near theq50 point, not on uniformk mesh, in the Brillouin
zone. For a choice of the discrete points nearq50, we use
the offsetG-point method.39 The integration ofF(q) over the
Brillouin zone can be performed analytically and the offs
ted pointsQ’s are chosen nearq50 so as to satisfy a relation

E
BZ

F~q!dq5(
Q

F~Q!1 (
kÞ0

F~k!, ~B1!

wherek’s are the discrete mesh points of the Brillouin zon
The choice of the offsetted pointsQ are taken into consider
ation so as to keep the symmetry of the system.

We tested the offset method in the exchange energy of
electron gas system and the accuracy has been confir
even in case of small number ofk-mesh points. The carefu
treatment of the Coulomb matrix at or nearq50 is very
crucial near the band gap or the Fermi level.
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