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Electronic structure of the MO oxides(M =Mg, Ca, Ti, V) in the GW approximation
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The quasiparticle band structures of nonmagnetic monoXtlegM = Mg, Ca, Ti and V}, are calculated by
the GW approximation. The band gap and the width of occupied oxygestaétes in insulating MgO and CaO
agree with experimental observation. In metallic TiO and VO, conduction bands originated from metal 3
states become narrower. Then the partial densities of transition eetaldt,, 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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[. INTRODUCTION electron gas. In the GWA, there is no self-interaction because
the exchange term of the GWA is of the Hartree-Fock type.
The first-principle electronic structure calculation, basedThe dynamical correlation effect in the GWA is treated by
on the local-density approximatiofLDA) within the the random-phase approximatigRPA). In the GWA, the
density-functional theoryDFT)," has had great success in dynamical effects give rise to important features that are not
theoretical investigations of the ground state property of conaccounted for by the HF approximation, for example, damp-
densed matters. However, in many LDA calculations, theéing of quasiparticles and characteristic structure in the spec-
band gap is unsatisfactory underestimated in insulators anglal function. The screening effects recover the finite density
semiconductors. In the electronic structure af Bansition  of states at the Fermi level. The band gap is corrected and
metals calculated by the LDA, the occupied Band widthis  reduced in the GWA by the dynamical screening effects in
too broad, the exchange splitting is overestimated and theomparison with the one of the HF approximation. The dy-
satellite structure in the x-ray photoemission spectroscopyiamical correlation effect is important for the band width in
(XPS) does not appear. These quantities are associated withe transition metals: We could not expect improvement in
quasiparticle properties. The transition metal monoxil®s the GWA for the exchange splitting and satellite structure
(T=Mn, Fe, Co, and Ni are wide-gap antiferromagnetic because it needs higher order diagrai®sg., vertex correc-
insulators in experiments, but FeO and CoO appear as metions) for electron-electron and hole-hole scattering
als, and MnO and NiO as small-gap semiconductors in th@rocesse&?
LDA.2 The magnetic moments diO are underestimated by =~ The GWA has been applied to several real systems,
the LDA. for example, simple metalS, semiconductors and
The electronic structure in strongly correlated electroninsulatorst*=1 transition metald/ and transition metal
systems has been highly challenging field. The self-Coulomimonoxides® In simple metals and semiconductors, the
and self-exchange interactions almost cancel with each oth&WA can be formulated with plane wave basis set based on
in many cases of the LDA but still not completely T2  the pseudopotential method and the plasmon pole approxi-
The self-interaction corrected LD@IC-LDA) has been ap- mation has been often used for calculating dielectric
plied to transition metal monoxidés. It gives satisfactory function#In contrast, transition metals and their compounds
results for the band gap and magnetic moments in the trarkave strong atomic potentials and the GWA based on the
sition metal monoxide3O (T=Mn, Fe, Co, and Niexcept pseudopotential method cannot be applied because of restric-
VO. The LDA+U method~8 works reasonably well for the tion of the number of plane waves. It is essentially important
Mott-Hubbard insulators or rare earth metal compoundgo include core electrons in many cases and, moreover, the
where the 8 or 4f bands are partially filled. The LDAU plasmon pole approximation is not applicable to the dielec-
method is a static limit of the GW approximati¢®WA).2 tric function for transition metals and their compounds be-
However, application of the LDAU method to early tran- cause there is no isolated plasmon pole. Therefore, all-
sition metal monoxides TiO and VO would lead to antiferro- electron calculation and no plasmon-pole approximation in
magnetic insulators rather than paramagnetic métals. the dielectric function are required for transition metals and
The GWA is the first term approximation of the many- their compounds.
body perturbation series for the Green function, and is a The GW calculation of Ni, based on the linearized
simple but excellent method to calculate the self-energy wittaugmented-plane-waveAPW) basis and no approximation
the dynamical correlatioh’ On the other hand, the HF ap- in the dielectric function, gives results in good agreement
proximation overestimates the band gap in insulators andith experiments! The modeling of the screened interaction
semiconductors because of the lack of the screening ternis the GWA is able to explain satisfactorily photoemission
and gives zero density of states at the Fermi level in thepectra in MnG? NiO,?° and VO,.?* In the pioneering work
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of the GW calculation of NiO by Aryasetiawan, the band gapfunction x°(1,2)= —iG(1,2)G(2,1). Here we use an abbre-
and magnetic moment agree quite well with experimentaliated notation (13 (ry,o4,t;) andv(1,2)=v(ry,r,) 8ty
values®® In the analysis of photoemission spectroscopy by—t,). Equation(2) can be treated by the RPA.

the cluster configuration-interaction theory, NiO is assigned e adopt the LDA Hamiltonian to be the unperturbed one
as a charge-transfer type insulatorput in the LDA it is o
classified as a Mott-Hubbard type insulator because the tran-
sition metal 3 bands appear at higher energy than oxygen
2p bands? The relative position of the oxygenp2states of

the GWA is also improved in comparison with that of the o o i the kinetic energyy" is the Hartree potential, and
LDA. However, the top of the valence bands in the GWA IS\ s the exchange-correlation potential in the LDA. We

mainly Ni 3d states and NiO could not be a charge-transfer’ LDA .
type i)rllsulator. g presume the wave functiods/,,(r)} of the LDA to be a

In most GW calculations, full self-consistency is not car-"€asonably good starting wave functions, though this as-
ried out. The self-consistency in the GW calculations carsumption should be carefully investigated in details. Then
maintain the conservation laws of particle number, energythe self-energy can be written by three terms as
and momentund® However such treatment cannot guarantee
better agreement with experimental reséfts. AS=3*+3°~V{Ea, 5)

Because it is derived from many-body perturbation
theory, the GWA is applicable to wide variety of classes ofwhereX*(=iGv) is the exchange patthe Fock term and
systems, and should be tested in various systems. In this°(=iGWF°) is the dynamical correlation part. The quasipar-
paper, the GW method based on the linear muffin-tin orbitaticle energy is given as
(LMTO) method® is applied to several nonmagnetic oxides,
insulating MgO, CaO and metallic TiO, VO. Only the elec- —
tronic structure in MgO was calculated by the GWA befbte. En= €knt ZknAZn( €kn), (6)

The insulators MgO and CaO are typical simple oxides,yheree,, is the LDA eigenvalue. The self-energys,,, and

whose insulating band gap is underestimated by the LDAe renormalization factoz,,, the weight of the spectral
TiO, and VO are non-magnetic metallic oxides. In the LDA¢ 1 ~tion. are given by

their characteristics are very similar. We will discuss the
electronic band structure and its systematic variation for _ -

MgO, CaO, TiO and VO, concerning with tigk relation, AZ g (€xn) = Pinl 2+ 2 (€n) = ViBalin), (D)
band gap, band width, the density of states, plasmon frequen-

HO=T+VH+ Vg, (4

cies, structures in the energy loss spectrum, and other prop- IAZ (o) -1

erties. We will also discuss the correlation effects, including kn=| 1=——"— (8
the strength of the Coulomb interaction withd screening ®= €yp

effects.

el he renormalization factaZ, is a measure of the occupa-

theoretical framework will be given in Sec. II. The results for 0N number and should equal to the discontinuity of occu-
these systems are presented and discussed in Sec. Ill. TRtON number at the<Ferm| energy. Therefore it should sat-
dielectric function and the energy loss spectrum are also didSfy the conditionZ,,<1. In the present work we perform

cussed. Finally, in Sec. IV we present our summary. one iteration calculation Wit'hout self-consistency. '
In order to know the difference of the dynamical and

The paper is organized as follows. A simple review on th

Il. THEORY static screening effects, we also apply the static Coulomb
o hole plus screened exchan@OHSEX approximation for
A. GW approximation the self-energy by HedifhiThe static COHSEX approxima-

When effects of dynamical correlation are included, thetion can be obtained by neglecting energy dependence of the
self-energy is expressed formally as a series expansion &€lf-energy. Then the self-energy is expressed as
dynamically screened interaction. The GWA replaces the

self-energy by the lowest order term of the expansion as oce

3(1,2)=iG(1,2)W(1,2). G is the one particle Green func- ESEx(f,r')Z—; Den(D) Pign(rHIW(r, 1 0=0), (9)
tion and the dynamically screened interactdhis defined "
by

1
Zco(rr') =5 8(r=r")[W(rr';0=0)-v(r,r],

W(1,2)=f d(3)e71(1,3v(3,2, ()
(10
—0(1.2+ | d(34)v(1,3%°(3.HW(4,2), 2 whereX s is the screened-exchange term &by is the
v(1.3 J (390(19x(3.HW(4.2 @ Coulomb-hole term which becomes the local potential in the
_ static approximation. The self-energy matrix element of
=0v(1,2+W%(1,2), 3 W(r,r":@=0) in thed orbitals is the Coulomb interaction
where e is the dynamical dielectric function, is the bare including thed-d screening, which will be discussed in the
Coulomb potential andy® is the irreducible polarization following section.
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FIG. 1. The energy bands of MgQ@eft) and
CaO (right), calculated by the LDAsolid lines
and the GWA(dashed lingsalong high symmetry
lines. The closed circles are the calculated points
in the GWA. The high symmetry points are
] Sr ] L=(1/2,1/2,1/2), TI'=(0,0,0), X=(1,0,0),
W=(1,1/2,0), ancK =(3/4,3/4,0).
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B. LMTO minimal basis set and choice of LMTO parameters spheres are chosen to b&f§) for MgO, (ffd) for CaO,

Because the plane wave basis becomes very costly fdf 95 for TIO, and (fds) for VO. In CaO, since the band gap

systems containingdor 4f electrons, the LMTO methddl becomes narrower, we include the basis of ES with higher
is more appropriate. We use the LMTO basis gt ,(r) angular momentum. There are no essential differences be-

within the atomic sphere approximatiéASA) for the LDA tween the different choices but the above choice is the best

calculation. HereL is angular momenturi=(I, m). The for the band gap within=0.1 eV.
LMTO can be expanded by the muffin-tin orbitél, ,(r)

and its energy derivativegg, ,(r). The product basis Ill. RESULTS AND DISCUSSIONS
formalisnt! is used and proved to be very efficient. Compu-

tational details and numerical technique are shown in Appen- A. Energy band structure
dixes A and B.

The lattice constants of MgO, CaO, TiO, and VO are 1. Insulator: MgO and Ca0
=4.2122, 4.8105, 4.1766, and 4.062 A, respectively. =~ MgO and CaO are ionic crystals and are band insulators.
Empty sphere$ES’s) are often necessarily introduced in the In MgO, the band gap separates the unoccupied oxygen 2
ASA formalism except in closed packing lattices. The calcu-valence bands and the unoccupied magnesiga3(8 con-
lation of insulating MgO and CaO without ES gives a largerduction bands. In CaO the band gap locates between the
GW band gap by about 1 eV than that of calculation with oneunoccupied 4-4p conduction bands and the unoccupied cal-
ES. In the metallic TiO and VO, proper states are not obcium 3d conduction bands. The band structures of MgO and
tained by the calculation without ES’s in the LDA. In the CaO, calculated both in the LDA and the GWA, are shown in
case of two or more ES's in NaCl type structure, the radii ofFig. 1 along high symmetry lines. The band gap, the width of
ES become too small. In the calculation with two ES’s thethe upper valence bands and the position of the low lying
band gap is almost the same as in the calculation with onexygen 2 band are summarized in Table I, in comparison
ES. Therefore, the one type of ES is enough in the NaCl typ&vith those by the LDA and the HF approximation. Our re-
structure. In the present paper, we use the following sets dfults of MgO are in good agreement with those of the previ-
radii (in atomic uni} of atomic spheresMg, O, E9=(2.21, ous GW calculatiort®
2.21, 1.62, (Ca, O, ES=(3.03, 2.19, 1.49 (Ti, O, ES The band gap in the GWA is found to be 8.2 eV in MgO
=(2.71, 1.87, 1.18 and (V, O, ES=(2.58, 1.91, 1.12 In and 6.64 eV in CaO, which are in good agreement with the
metallic systems we use 512 %@x 8) mesh points to have experimental values 7.8 and 7.1 B\tespectively. The band
enough convergence. On the other hand, in insulating sysggap in MgO is the direct one &t point both in the LDA and
tems smaller number of mesh points 64(4x4) is good the GWA as in experiments. The band gap in CaO is the
enough to achieve a convergence because of the existenceinflirect one betweef’ and X points in the GWA as in the
the band gap. LDA, although the energy difference between thd' gap

We must treat the wide energy range in the calculation ondI'-X gap becomes smaller in the GWA. The conduction
the dielectric function and, therefore, use a sufficient numbeband minimum at theX point originates from metallicd
of LMTO’s. The energy-dependent polarization function states and the lowering the conduction band minimum at the
x°(®) has a long tail in higher energy range and, thereforeX point is due to deepening of the potential of the metal ion.
metalf and oxygend or f orbitals are included for the GWA On the other hand, the direct gap of CaO atlhpoint was
in the present work, though these orbitals are omitted usuallproposed by the HF approximation with correlation calcu-
in the LDA. The existence of ES is important but higher lated by the second order perturbation thedrwe are not
order orbitals in ES are not essential. The set of the maxiaware of any angle-resolved photoemission or inverse pho-
mum orbitalsl of the LMTO basis in M, O and ES atomic toemission experiments on CaO, and the nature of the fun-

245108-3



ATSUSHI YAMASAKI AND TAKEO FUJIWARA PHYSICAL REVIEW B 66, 245108 (2002

TABLE I. The band gafEg, the width of valence banw/,, and the position of the @ band Eo, in
insulating MgO and CaO. The unit {gV).

MgO CaO

LDA HF COHSEX GWA  expt. LDA HF COHSEX GWA expt.

Ees 5.2 18.42165°17.6° 9.6 g2 7.8 365 159 7.7 6.64 7.0
W, 50 10.4258,°7.64° 5.6 50 5.0-6.0 28 343 34 2.9
Eo, ~16  ~40,2~24° ~19 ~17 18-21° ~15 ~17  ~16

aReference 26.

bReference 27.

“(Uncorrelatedl HF results in Ref. 28. Correlated HF results &g=8.21 eV in MgO ancEg=7.74 eV in
CaO.

YReference 29.

‘Reference 30.

damental gap of CaO cannot be concluded at present. To see the dynamical screening effects in MgO and CaO,
The GWA valence band width is 5.0 eV in MgO and 2.9 we also calculated the energy band structure by using the
eV in CaO, which are in good agreement with experimentsstatic COHSEX approximation and shown in Table I. In the
and almost the same as those of the LDA. The LDA valencétatic COHSEX approximation, the band gap is much
band width is generally narrower in general than the Gwasmaller than the HF results but is still overestimated to be 9.6
and the observation, because the wave functions of valen®Y in MgO and 7.7 eV in CaO. The reduction of the band
states are more concentrated on atomic sites by local a@@p from the HF result to the static COHSEX result and that
proximation in the LDA, and the effect of the exchange andfrom the static COHSEX result to the GW result are attrib-
correlation effects are much enhané@dHowever, because uted to the static screening effect and the dynamical screen-

the valence bands are oxygep 2tates, such exchange and ing effect, respectively. Therefore, in MgO and CaO, the

correlation effects do not affect much in MgO and CaO anostatic screening is the major contribution rather than the dy-
band width reduction is not much. In the calculation with thenamlcal effects. The valence band width is 5.6 eV in MgO,

: : d 3.4 eV in CaO in the static COHSEX approximation. In
exact-exchangéEXX) potential® the valence band width of 2" S TS :
MgO and Cag is narr%wer than the one in the LDA but thisthe.GWA t.he vaIencg band width is sllgh.tly rgduced Ih com-
is due to the different reason. In the EXX calculation, theParnson with the static COHSEX approxmatlon. The redu_c-
exchange energy is approximated by the spherically symmep-on from that of the HF approximation to that of the static

trized Fock term and the correlation energy is replaced b hOTSEXdQEme'mat:conl 'SthCh Iz?rgter In g/lgo, Ikiec?gse of
that of the LDA. The EXX potential is larger in comparison € large ditterence ot electronegalivity and resultant impor-

with the LDA exchange potential and gives narrowervalencéa.nce of the static §creening. The co_mparison of the b‘?‘”d
bands of MgO and %a(p). In the HFgapproximation, WhiChW|dth by the GWA with that by the static COHSEX approxi-

includes the non-local interaction, the valence band width ignation clearly shows that the dynaml_cal effects are appre-
broadened, for instance, in Mg®2’ But the band gap and ciable in the electron-electron correlation.
band width are overestimated in the HF approximation due 2. Metal: TiO and VO
to the lack of screening effects. In the GWA the valence band
width is reduced in comparison with the HF method.

The position of oxygen & band is pushed down in the
GWA so it is close to the experimental value. The LDA 10 , , 10

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

makes the core or semicore states locate into shallow energ
. . ) 5 ) 5t
regions, compared with experiments, because the LDA po- . smAvere®
tential contains self-interaction. 0 0
The self-energy and the correcti@ > to the LDA en- ! " EOsoar) s 5|
ergy of MgO are shown in the left side of Fig. 2. The gap at & faiee B
the top of the valence banée energy zerothis seen in the ?'10' AT ?'10
self-energy and as a result the energy correcidl, has the 5 -15} o 4 FhW F-15¢
discontinuity. In conduction bands, fluctuations Bf and 20 f\\. ] 20l
Vg are caused by different orbital characters, but the cor- ay,
rection termsZA3, converge to almost constant value. The el % MgO ] 25
correction terms of the highest valence bahgg and those -30_5 0 0 15 -30 s
of the lowest conduction bard -z are as fQIIows: in MgO, LDA Energy (V) LDA Energy (V)
ZHVB:0'75_O'8 and ZLCB:083_0871 n CaO,ZHVB
=0.73-0.75 andZ, cg=0.80-0.85. The smallez of CaO FIG. 2. Energy dependence of the self-energy of Mtgdt) and
shows that the electron-electron correlation in CaO is stronTiO (right). The closed diamond fov|%, , the open triangles for
ger than in MgO. 3%, the open squares f&°, and the closed circles fatAS..
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FIG. 3. The energy bands of TiQeft) and
VO (right), calculated by the LDA(solid lineg

5 @, and by the GWA(dashed lingsalong high sym-
> > . .
2 g metry lines. The closed circles are the calculated
g - | - points in the GWA. The highest energy band in
the figure is mainly from metad states. For the
a5k ] symmetry points, see the caption of Fig. 1.
=20
By r X W K T

treme hardness. The band structures of TiO and VO are 10 eV becomes narrower. Then the conduction bands are
shown in Fig. 3, calculated both in the LDA and the GWA |ifted to higher energy side, relative to the lower energy oxy-
and summarized in Table II. In the LDA the oxyges &tates gen 2 (bonding band in TiO and VO. The effects of the
are located around about 22 eV bel@y in TiO and VO.  reqyction of the conductiofiransition metal 8) band width
These oxygen 2 states are separated by about 11 eV fromy s causes the increasing the separation betegendty,

the bonding states consisting of metal &nd 0xygen P gate5. The position of oxygersdand is also pushed down

orbitals in both TiO and VO, mainly oxygenp? at 7 b . o
I y the GW correction, and this is caused by the self-
~10 eV belowEg . Areal gap of about 2 eV in TiO and that interaction correction as in MgO and CaO.

of about 1.5 eV in VO can be seen between this bonding 1 . self-energy and the correcti@ s to the LDA en-

states (mainly oxygen ) and the antibonding states ergy of TiO are shown in the right side of Fig. 2. In contrast

(mainly transition metal 8) at around&. The occupied insulating system MgO three parts of the self-energy and
conduction states are heavily dominated by transition metatﬁ g system Mg pa 9y
the energy correctioZAZ, are continuous at the Fermi en-

3d orbitals. ) ; : S
The band width of metal @ states becomes narrower in €9y Er . which are the typical properties of the Fermi liquid.
the GWA than in the LDA. The occupiedd3band width The renormall_zathn factor of transmo_n metatl States is
from the UPS and XPS is about 3 eV in Tig.%* The width ~ £=0.55-0.65 in TiO an@=0.51-0.63 in VOZ of oxygen
of the unoccupied 8 band in the GWA agrees with that of 2P sStates is about 0.7-0.8 in both systems. Those results of
the BIS spectrd® the renormalization factor suggest that the interaction be-
In TiO and VO the width of oxygen (2 valence band in tween 3l electrons is strong, and the correlation in VO is
the GWA becomes narrower in comparison with that of thelarger than in TiO.
LDA, which is not the case in MgO and CaO. The hybrid- Thed-d Coulomb interactio ¢y¢q|W(w=0)|dqdy) is
ization is very small in MgO and CaO. In TiO and VO, the calculated to be about 1.5 eV both in TiO and VO. The bare
hybridization between the transition metall Zind oxygen Coulomb interactior ¢qdqylv|dgdy) is actually 15.3 eV
2p increases due to deepening metdl States with the in- in TiO and 17.8 eV in VO. Then the correlation
crease of thel electron. Once one adopts the GWA, the waveterm ( ¢qpg| We(w=0)|dgdg) is —13.7 eV in TiO and
functions of valence bands are localized more due to the-16.3 eV in VO. Therefore, the correlation effects and the
screening effects and the width of the band aroundstatic screeningat the Fermi energyare quite important in
these metallic oxides. We should mention that dhé Cou-
TABLE II. The band width of O 2 bandW,,, the position of  Jomb interaction(¢qdq W(w=0)|dqdq) is different from
OsbandEo,, and the band width of transition metad ®andWsq,  the HubbardJ evaluated from the LDA, which includes only

Wi, andWeg in metallic TiO and VO. The unit igeV). screening by on-sited electrons. The term(¢qdqW(w
=0)|pgpg) includes the screening effects by both on-site
Tio VO and off-sited electrons?®
LDA COHSEX GWA LDA COHSEX GWA The density of state@OS) of transition metal 8 orbit-

als are shown in Fig. 4. In the calculation of the density of

\évz” ~4'262 ~422 ~42'; ~252'25 Ng:’ N;’f states in the present GWA, the eigenvalues were replaced by
Os i those of the GWA but the eigenfunctions were the same as
Wiy 8.4 9.1 6.8 8.1 7.6 6.4 those of the LDA, and the lifetimérom imaginary part of
Wtzg 6.5 6.1 4.3 6.4 5.4 3.8 the self-energy of quasiparticle was not considered. The
Weg 41 4.1 3.2 45 4.4 3.3 transition metak, states are pushed up in the GWA and the

ey-tog Separation becomes much clearer than in LDA results.
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4 4

31 3L
=20 = 2f
8 8 FIG. 4. Total and projected DOS in a transi-
% i >t tion metal atom in TiO and VO by the LD#&ot-
> % tom) and the GWA(top). The solid lines for the
% % total DOS in a unit cell, the dotted lines for the
z0 %0 ; partial DOS of transition metal e, states and
wn 1%0)] | the chain lines for the partial DOS of transition
8 2t 8 2 -LDA 3 metal 3-t,4 states. The contribution by the oxy-

gen atom is small in this energy range.
11 1t
=% o 3 4 s 0%
Energy (eV) Energy (¢V)
To see the dynamical correlation effects in TiO and VO B. Energy loss spectrum and plasmon frequency

we also show the results by the static COHSEX approxima- The dielectric function is seen in the procedure of the GW

tion in Table Il. The band width of the static COHSEX ap- calculation. We show the dielectric functions and the electron
proximation does not become narrower appreciably in comenergy-loss spectra(EELS) in Fig. 5 for q=2=/

parison with the LDA results. The reduction by the GWA is a(0.25,0,0), using 51 points in the Brillouin zone.
much appreciable. We could conclude that the band width The dielectric function consists of a part of free electron
reduction is mainly due to the dynamical correlations. Thecontribution and a part of interband transitirithe plasmon
importance of the dynamical correlation was also mentionedrequencyw, corresponds to the zeroth of the free electron
in the 3d band width of 31 ferromagnetic transition metals.  part of the dielectric function and the peak of the EELS.
Application of the LDA+U method to TiO and VO lead When the interband transition exists at lower energy side of
to antiferromagnetic insulators rather than paramagnetic methe plasmon frequency, the frequency of vanishirfg, w)
als, when one uses thé¢value obtained by the LDA and the shifts towards higher frequency side. This is the shift of the
photoemission spectfaHowever, as already shown, thed plasma edge in the dielectric functions of metals or the shift
Coulomb interaction { pypy| W (w=0)| pqdg) is much of the plasmon peak in the EELS. The peaks of the imagi-
smaller by the correlation effects. nary part of the dielectric function(w) appear essentially at

Dielectric function

0 5 10 15 20 25 30 35 40 -0 5 10 15 20 25 30 35 40 -0 5 10 15 20 25 30 35 40 -0 5 10 15 20 25 30 35 40
Energy(eV) Energy(eV) Energy(eV) Energy(eV)
2 ———— 2 ——— 2 —— 2 —
MgO Ca0 TiO VO
st 15} 1 st
£
g
B 1 1
g
205 051 g 05t
3
0 A R S 0 P S S S ! 0 L 0 S S T
0 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Energy(eV) Energy(eV) Energy(eV) Energy(eV)

FIG. 5. From left to right, spectra of MgO, CaO, TiO, and VO are shown. Upper panel and lower panel are the dielectric fjagtion
and the electron energy-loss spedEELS) ¢~ 1(w) for qg=27/a(0.25,0,0).
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the energies of interband excitations. On the other hand, theDA when the effects of dynamical correlation are included.

peaks of the EELS appear at positions where the dielectri¢he choice of the starting wave functions or equivalently the
function vanishes or becomes very small. Therefore, thehoice of the unperturbed Hamiltonian in the GWA may be

EELS have complex structure originated from the situatiorvery important from this point. This may be very essential

of the coexistence, in a narrow energy region, of the plasméor the characteristics in the magnetic transition metal oxides
edge and the interband transition. This is the case in transbut still open for the future study.

tion metal monoxides and it may be very interesting to see
the difference or the similarity of the dielectric functions and

the EELS of MgO, CaO, TiO, and VO.

The interband transition from ORto metal 3 appears at We thank to F. Aryasetiawan and T. Kotani for useful
about 10 eV in CaO, TiO, and VO but that of MgO locates atdiscussions and suggestion about our GW code development.
much higher energy. In MgO, the transition from @ 20  This work is supported by Grant-in-Aid for COE Research
metal 3-3p creates a broad peak efw) at about 12 eV. “Spin-Charge-Photon,” and Grant-in-Aid from the Japan
On the other hand, the transition from @ 20 metal 4-4p Ministry of Education, Science, Sports and Culture. Part of
makes a structure of(w) at about 15-20 eV in CaO, at the present calculation has been done by use of the facilities
about 20—27 eV in TiO and VO. The sharp peakg @b) at  of the Supercomputer Center, Institute for Solid State Phys-
1.5 eV in TiO and at 1.1 eV in VO are created by metalics, University of Tokyo.
3d-3d transition. The dielectric function of metals should
reduce generally to zero near=0 and then show the Drude
peak atw=0. In metallic compounds TiO and VO, low en-
ergy excitation peaks of(w) exist down to 0.2-0.3 eV. Since the wave functiony is written in terms of the
Then the nonzero value of le{w=0) in Fig. 5 is the arti- LMTO basis functiong, the Hilbert space of the self-energy
fact caused by broadening these low frequency peaks of the spanned by the product basis as
irreducible polarization functiony® by Gaussian with a

width of 0~0.7 eV. _ _ B . o
In the EELS, the sharp peak of metallic TiO and VO at 5 Ei=lut =t ={ddi+{ddi+{d4}. (AL

eV is originated from metal &3d transition. The transition |, the present calculations, because of a proper choice of the

from O 2p to metal 31 generates the peak at 14 eV in Ca0 gnergy parameters the absolute values of the mixing coeffi-
and at 18 eV'in TIO and VO. The shoulder at around 17 eVcients ofc}s to ¢ are less than 0.1 for all terms and the norm
in MgO is caused by the transition from Op2to metal '

3s-3p because the imaginary part of dielectric function has &t ¢ <_¢¢’>! is 0.1~0.3 even in the largest case. Then the
relatively large nonzero value at this energy due to broaderms includinge can be dropped out safely and the self-
peak of interband transition. The plasmon peak shifts fronenergy % can be expanded by}, .. ,.(r)dim.(r)
21.1to 25.0 eV in MgO, from 17.2t0 21.8 eV in QaO, from :¢|’v’(|r|)¢|v(|r|)Yr/ml(F)Ylm(F)' The product of two
24.6 to 27.8 eV in TiO, and from 27.2 to 29.9 eV in VO due

1o interband t i In thi imati f the bl spherical harmonics is reduced to the linear combination of
0 Intérband transitions. In this estimation of thé plasmon,,, spherical harmonics. Consequently we can construct the
frequency, we adopted the number of electrons to be 6 fo
MgO and CaQ(metals and O 2 electrong, 8 for TiO (Ti

3d,4s and O ), and 9 for VO(V 3d,4s and O ).
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APPENDIX A: COMPUTATIONAL DETAILS

hew basis set

Bk
Brir vt wirm(TR)

IV. SUMMARY : ~
. o =2 e T (rrrl) (TRt Yirm(Trr),
We applied the GWA to the nonmagnetic oxides MgO, T
CaO, TiO, and VO. Band gap and occupied oxygenband (A2)
width in insulating MgO and CaO are in good agreement
with experimental results. In both systems oxygerieelis  \whereL” is depend orl’ andl, that is|I—1"|<I"(l",1)<I

pushed down, because the self-interaction is corrected in the |’ and |m”(I’,1)|<I"(l",1), andrgr=r—R—T. The or-
GWA. We compare the results by the GWA with those by thethonormal basis sé8 can be produced by the linear combi-
static COHSEX approximation and discussed the effects of .00 of the nonorthogonal basis détas BX=3 B“DX

i i ic Ti i = =P i
the dynamical correlation. In metallic TiO and VO, the bandWherej —(RI"v'1v1"m"), i is a new suffix in the orthonor-

width of transition metag, andt,, states become narrower mal basis set an® is the transformation matrix from the

dum\aNto tlhe correlattlon IeﬁeCt?tlded Coulomb int tion i nonorthonormal basis to the orthonormal basis. Here we use
e also present values o oulomb interaction in ' - oniant notation

TiO and VO and showed the crucial role of the dynamical
correlation in these systems. The GW method may be one of

the most appropriate method which can provide the informa- BYY=li=[T)D*, [1)=|BY). (A3)
tion of the electron-electron interaction with screening ef- . . ) o
fects. The matrix D¥ is obtained by orthogonalizing the overlap

The actual wave functions should differ from those in thematrix Off = (Ty[Jy).
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We can expand the self-energy in terms of the new orthothe full product basis is selected, but this way of product

normal basis sefi,). To calculate the self-energy we first
calculate the polarization functiop® with the nonorthonor-
mal basis.

The Coulomb potential is calculated by using the bare

structure constant of the LMTO methd8lin this method,

basis reduction is very effective and powerful for large
systems.

APPENDIX B: NUMERICAL TECHNIQUE

In the calculation of the self-energy, the integration is per-

two parts of the Coulomb matrix can be calculated sepaformed over the whole Brillouin zone. The Coulomb matrix
rately, on-site and off-site parts, by using the LMTO barey(q) has a singularity aj=0 asF(q)=1//q|2. The integra-

structure constar$’(q).

tion of v(q) over the Brillouin zone does not diverge but

Next we need to transform from nonorthonormal basisspecial cares are needed not only for txe0 term but for

[T,) to orthonormal basifi ), that is(i|x°[])—(i|x°j) and
(T|v[]y—{(ilv|j). Within the orthonormal basis we can cal-
culate the response functiog=(1—x%) x° and the
screened Coulomb potentiav®=v yv. Finally the self-
energy can be obtained by the inverse transformation fro
the orthogonal basis to the nonorthogonal basis, and th
from the product basis to the Bloch basis.

small finiteq. In the present calculation, the integration over

the Brillouin zone is replaced by the summation over discrete

points. We use a set of discrete points distributed densely

near theq=0 point, not on uniformk mesh, in the Brillouin
one. For a choice of the discrete points ngar0, we use

Ahe offsetl’-point method™® The integration of () over the

Brillouin zone can be performed analytically and the offset-

The number of basis set can be reduced by excludinded POINtSQ's are chosen neay=0 so as to satisfy a relation

terms of higherl”. We have studied the dependence on a

choice of the maximum”’s for set ofl” in (Mg, O, ES
atomic spheres bein,3,0, (4,4,0, and(6,6,0. The con-
figuration (6,6,0 corresponds to the full calculation for or-
bital f for metals f for oxygen ands for ES. The total number
of product bases df3,3,0, (4,4,0, and(6,6,0 are 120, 174,

f F(a)dg=2 F(Q+ 2 F(k), (B1)
BZ Q k#0

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

and 222, respectively. The proper choice may be a set of the We tested the offset method in the exchange energy of the

maximuml”’s which produces the total number of the prod-

electron gas system and the accuracy has been confirmed

uct basis nearly equals to a half of that in the maximumeven in case of small number kfmesh points. The careful

choice. For example, the product basis (8f3,0 may be
enough for the set of th&fs Bloch orbitals. In present work

treatment of the Coulomb matrix at or neq=0 is very
crucial near the band gap or the Fermi level.
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