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The so-called local-density approximatioiDA) plus the multiorbital mean-field Hubbard model
(LDA +U) has been implemented within the all-electron projector augmented-wave method, and then used to
compute the insulating antiferromagnetic ground state of NiO and its optical properties. The electronic and
optical properties have been investigated as a function of the Coulomb repulsion patdn#tefind that the
value obtained from constrained LDAJE8 eV) is not the best possible choice, whereas an intermediate
value U=5 eV) reproduces the experimental magnetic moment and optical properties satisfactorily. At
intermediatdJ, the nature of the band gap is a mixture of charge transfer and Mott-Hubbard type, and becomes
almost purely of the charge-transfer type at higher valuds.dfhis is due to the enhancement of the oxygen
2p states near the top of the valence states with incredsinglue.

[. INTRODUCTION toemission spectroscoply cannot be described by these
methods because the lattice effects are neglected.
For many materials, the density-functional the@®FT)* Several attempts have been made to include the missing

in the local-spin-density approximatiqghSDA)? provides a  correlation effects in DFT-LSDA. The generalized gradient
good description of their ground-state properties. Howeverapproximatiorf,” which takes into account the radial and an-
problems arise when the DFT-LSDA approach is applied tgular gradient corrections, can only open a small band’gap.
materials with ions that contain incompleter f shells, such ~ The self-interaction correctiofSIC)~"~*"eliminates the spu-

as transition-metal oxides or heavy fermion systems. For exJous interaction of an electron with itself from the conven-
ample, most transition-metal oxides are wide-gap antiferrofional DFT-LSDA method. Compared to LSDA, the band
magnetic insulator¥;® and the DFT-LSDA predicts them to 9P and the magnetic moments are significantly increased.
be either metalgFeO and Co@or small-gap semiconduc- However, thg band gap still is too small, and the .SlC'LSDA
tors (MnO and NiO 2° The failure of the DFT-LSDA can be method predicts a larger energy band gap for NiO than for

' FeO and CoO, in contradiction to experimérithe crystal-
traced to the mean-field character of the Kohn-Sham equgg, i polarization introduced by Norm&nto deter-

tions as well as to the poor description of strong correlatior), . - iha magnetism and insulating band gap of transition-

effects within the homogeneous electron gas. The strong Cofaia oxides is promising but underestimates both the spin
relation effects are responsible for the breakdown of th‘?nagnetic moment and the band gap.

DFT-LSDA description of the electronic structure of these  apother promising approach for correlated materials is
compounds. In order to provide a better description of thesgye so-called local-density approximatidhDA) plus the
effects, the Mott-Hubbard picture has been introducéd.  myltiorbital mean-field Hubbard modelLDA +U)28-3

In the Mott-Hubbard picture of NiO, thel-d Coulomb  which includes the on-site Coulomb interaction in the LSDA
interaction splits the Nd sub-bands into the so-called lower Hamiltonian. After adding the on-site Coulomb interaction to
and upper Hubbard bands. The upper Hubbard band hake LSDA Hamiltonian, the potential becomes spind or-
mostly Ni 3d° character, while the top of the valence band ispital dependent. Because a larger energy cost is associated
of 3d® character, leading to a Mott-Hubbard gapdedl type.  with fluctuations of thed occupancy, the orbital-dependent
However, O k x-ray absorptioft as well as x-ray photo- potential reduces the fluctuations of th@ccupancy, result-
emission and bremsstrahlung isochromat spectroscopies ing in a better justification of a mean-field approach.
LiyNi;_,O have shown that the additional hole has mainlyLDA +U, although it is a mean-field approach, has the ad-
oxygen character. In contrast to the Mott-Hubbard modelyantage of describing both the chemical bonding and the
the energy-band gap caused by the Ni 8orrelations is electron-electron interaction.
therefore of the charge-transfer type between the occupied The question regarding the best value for the Coulomb
oxygen 2 and the Ni 3l empty states. repulsion parametdd is, however, still under debate. The

On the other hand, localized approach&€®such as the parameter for NiO obtained from a constrained LDA calcu-
local cluster scheme based on the configuration interactiolation is about 7 to 8 eV, and this is the value generally used
method or the Anderson impurity model, in which transition-in LDA +U calculations. A similar value of) has beenob-
metal ions are treated like an impurity in an oxygemtibst, tained from a constrained LDA calculation for bulk
predict a well-defined band gap of 5.0 eV. However, theFe?%ven though a much smaller value had been expected
oxygen 2 band dispersion observed in angle-resolved phobecause of the metallic screening in Fe. The authors afgued
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that the higher value could be an artifact due to the pooplane-wave methods. It is applicable to all elements of the
screening within the atomic sphere approximati@SA), periodic table. The nodal behavior of the wave function is
and that within a full-potential calculation a much smaller correctly described and, as in the PP method, the forces on
value of less than 4 eV would be expected. In contrast, athe ions are easily expressed.

unpublished full-potential linear muffin-tin orbital method In the PAW method, the all-electrofAE) crystal wave
calculation by Alouani and Wil clearly shows that the function is constructed from a pseudBS wave function
value ofU for bulk Fe is even slightly larger than the ASA and atomlike functions localized near the nuclei. The PS
value. Furthermore, Bulut al3” showed that the renormal- wave function W) coincides with the crystal AE wave func-
ization of the Coulomb interaction depends on the type otion |¥) in the interstitial region, i.e., outside the atomic
model used. As LDA is not a diagrammatic method, it is notregions. Inside the atomic regiot,, called augmentation
known which type of renormalization is the most appropriateregions, the wave function is almost atomlike because the
for the LDA+U model. In fact, they fourt that for an  effect of the surrounding crystal is small. Therefore, a natural
random-phase approximatidiRPA) calculation of the spin  choice is to use solutiorg, ) of Schralinger's equation for
susceptibility and the self-energy based on the Hubbarghe jsolated atom, the so-called AE partial waves, as a basis
model to agree with the full-scale quantum Monte Carloset for the augmentation region. Hete={t,a,l,m} is a glo-
(QMC) results thel parameter has to be renormalized t0 2 ba| index for the atont, the angular momentur the mag-
from its 4t value used in the QMCt(being the hopping netic quantum numbem, and the indexx, the energy for
parametex It is then clear that the value &f depends onthe which Schralinger’s equation is solved.

type of model used to describe the experimental results. As To link the expansion in atomlike functions near the nu-
LDA +U is much closer to an RPA type of approach than toclei to the PS wave function, we introduce a set of auxiliary
a QMC one, the value ot used in the LDA-U method  fnctions|¢, ), so-called PS partial waves, which are cen-
should be much smaller than what QMC will need to repro-ereq on the atom and coincide per construction with the

duce the _experiment. If we believ_e that the QMC will neeo'corresponding AE partial wavés,) outside their augmen-
the experimentall value to describe the experiment, then iation regions:

the value ofU used in an LDA+U type of approach should
be much smaller than the experimental value. _

In this paper we shed light on this problem by treating the da(r)=cp(r) for re;. (1)
Coulomb repulsion parameteras adjustable parameter, and
by investigating how the electronic and optical properties
depend on its value. We show that for an intermediate valutﬁa
of U=5 eV, good agreement with the measured ground-state ~ T~
antiferromagnetic magnetic moment and optical properties 80N | #1)C, cancels out the PS wave functipir) inside
obtained. We also show that the @ 2haracter near the top the augmentation reglon;For this purpose we introduce so-
of the valence states is enhanced for a larger valug. @ur  called projector functionép| such that
calculation seems to indicate that the nature of the band gap
at intermediatdJ is a mixture of charge transfer and Mott-

Hubbard type, and that it becomes almost purely of the > b (pal=1, )
charge-transfer type for higher valuesof A

Our calculations are based on the projector augmented-
wave(PAW) method®® an efficient all-electron method with- and therefore
out shape approximations on the potential or electron density
to avoid uncertainties due to the ASA approach. Based on a
Car-Parrinello-like formalisni; the PAW method allows W)= [P )(palP) (3)
complex relaxations and dynamical properties in strongly A
correlated systems to be studied. Our implementation of

LDA +U within the PAW method is described in detail. Fur- for the Hilbert space spanned by the PS partial wayeg.
thermore we discuss possible extensions of the existinghys we identify the expansion coefficients witty

method that will enhance its applicability. = . . . . .
The paper is organized as follows: In Sec. Il we presenh_o<npAq,>' Equation(2) results in the biorthogonality condi-
those aspects of the PAW formalism that are needed for the
implementation of the LDAU method. In Sec. Il we
present and discuss the LSDA and LBA ground-state <5A|$A,>:5A]A, (4)
properties of NiO, and in Sec. IV we study the optical prop-
erties of NiO, namely, the imaginary part of the dielectric

function, and compare the results to experiment.

The coefficient,, of the expansions in AE and PS par-
| waves are chosen such that the PS partial wave expan-

for the projector functions, which moreover are chosen to be

localized within the corresponding augmentation region.
With these conditions, the AE Bloch wave functig(r)

Il. FORMALISM can be obtained from the PS wave functidiir) as

A. PAW method

The PAW method developed by one of*tigombines () =T (r)+ _7 rtRL 5
ideas of the pseudopotentidP and the linear augmented- (r) ") EA: (A1) = SADKPAIY)- ®
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The first term represents the PS wave function defined over _rLsoa, L t.ot t. t\ntont—o
the entire space!owhich is equal to the AE wave function in E=ETTS Zr i,%J OcxidVed g sximin
the interstitial region, and which is expanded in plane waves.
The second term is the AE partial wave expansion, which + = 2 (xEix Vedxtixd
describes the correct nodal behavior of the wave function in 2 15 1Tk J
the augmentation regiof2(r<rt). The third term elimi-
nates the spurious contribution of the PS wave function in
the augmentation region.

Note that Eq(3) holds only approximately if the set of PS - Z
partial waves is not entirely within the augmentation regions.
However, this has the advantage that only those contribu-
tions of the PS wave function will be removed that are also - EJ; N““(N"7—1)
replaced by AE partial waves. As a result, the AE wave

function converges rapidly with the number of partial waveswhereN'“=3n!? is the average occupation of theshell

used and, moreover, it is continuous and differentiable fofor each spin direction as obtained from tti@rbital occu-

[N

—(xt i Vedxtixiniong?
1
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: ®

every truncation of the partial-wave expansion. panciesn’y . U andJ are the Coulomb self-energy and the
Expectation values of any sufficiently local operafoare  exchange parameter, —respectively. The expressions
obtained as (xi:xKlVed x| i xi) are the four-center matrix elements of the

screened Coulomb interactiovi,.. An additional require-
ment of the LDA+U approach is that the additional energy
i ~ o~ is applied only to the valence electrons, which are reopti-
<\I’|A|‘P>_<\I’|A|‘P>+AEA, (VIPA)(DalAlar) mized while constrained to remain orthogonal to the core

’ states.
—(alAldr))(Par|P). (6)
C. Orbital occupations

The orbital density matrix is obtained by projection of the

. . e
Note that the double sum is diagonal in the site indige's grystal wave function onto the augmentation region:

This equation is exact for a complete set of PS partial wave
and rapidly attains the converged result if incomplete. The o Y Koot ‘o
PAW method provides the freedom to represent a zero op- ”rﬁ,m/:nzl‘z( fo Wy |Pm,mf|‘1’n’ ), 9
erator in the form ’
wheref(, is the Fermi distribution.
Here we choose the projection operatalém, acting on
0=<@|B|ﬁf}— 2 <‘E’|5A><3A|B|EA'><BA'|‘T’> ) the Nid-orbitals in analogy to previous implementatidhas
o Pl (1) =60, (NS = Ry| = [r=R{)Yg m(F) Y5 1 (F1),
(10)
by any operath entirely localized within the gggmentation where the site index refers to a particular Ni site, and
region. Equatior{7) has the same range of validity as K@). . _ _ .
does and allows a further acceleration of the convergence tﬂyd,m(r —Ry) is the spherical harmonic for trorbital and
using a well-chosen operatBrand adding the corresponding centered at sité. The step functiong (r) are unity for|r
zero operator to the expression for the expectation value. —R|<ri and zero otherwise.[Note that (x|P|x’)
=[drfdr’x(r)P(r,r')x'(r').] We used an atom in the
3d®4s? configuration of Ni. The local orbital$y),) have
B. The LDA+U total-energy functional been chosen to be identical to those of the spheridized,

For transition-metal oxides, thet orbitals are well local- honspin-polarized atoms. The raditsfor Ni has been cho-
ized and keep a strong atomlike character. Even though LD/&€n to ber¢=2.1a,, and the PAW atomic overlap inside the
provides a good approximation for the average Coulomb enaugmentation region i6¢'|Py, | ¢')=0.942 for Ni.
ergy of thed-d interactions, it fails to describe correctly the  In the PAW method we obtain the orbital occupations
strong Coulomb and exchange interaction between electrongrectly from the PS wave functiodifﬁq as
in the samed shell. The main intention of LDAU is to
identify these atomic orbitals and to describe their electronic to ~ o=t 1Ko
interactions as strongly correlated states. The other orbitals nm,m':kz:f] (VR 7IP o W27, 11
are delocalized and considered to be properly described by '
the LDA. The procedure is to eliminate the averaged LDAusing the pseudoversion
energy contribution of tﬂgse atomlike orbitals from the LDA
total-energy functiondt-=", and to add an orbital- and spin- Bt = t ~ St
dependent correction. The total energy within the LD P A% [PAN AP [ 2 (Parl + AP
method then has the form (12
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. . t
of the projection operatoP, ., .

formalism, the small correction

Consistent with the PAW 1

U:(ZI+—1)2 > XX Ved Xhixt ) =F°, (18
m,m’

~ ~ ~ ~ ~ 2 4
AP =P = 2 [PA(DalPh | B (Pa| -t ot tLoay FTHF
m,m m,m A,A’ m,m ‘]_ (2')(2' +1) m;é% - <Xm1me|Vee|er ’Xm>_ 14 "
is ignored in the present calculations because it can be corFhe dielectric constant and therefore the Coulomb and ex-
sidered the pseudoversion of the zero operator. change parametets$ andJ are not knowra priori. Usually,

they are obtained from a constrained DFT calculafion.

Here, we are interested in how sensitively the results depend
] ] ) on the choice of Coulomb parameters, and which Coulomb
The four-center integrals used in the expression of thgarameters will provide the best agreement with reality as

D. Coulomb and exchange parameters

LDA+U total energy are defined as probed by optical absorption. Therefore, we adopt the gen-
eral form for the four-center integrals as function of te
<X} ;X}lveelXL;XD andJ suggested by the arguments provided above, and per-
form calculations for different) values, namelylJ=5 eV
=| dr fdr X (F )X (F)ved 1o)X x(r2), andU =8 eV. Because the results are fairly insensitive to the
f v) A AL R ed i il A TN 2 exchange parametel we have adopted=0.95 eV from

(14)  previous constrained LDA calculatio$The third manda-
tory relation is obtained from the work of DeGroet al,*°
where v (r,r') is the screened Coulomb interaction be-who determined the rati&*/F? for transition-metal oxides
tween two electrons. to be between 0.62 and 0.63. We therefore adopt a ratio
If we choose localized orbitals that are described by an F4/F2=0.625.

atomic d-wave function x(r)=xq(|r —Ry)Yam(r—Ry) -
with magnetic quantum numben and furthermore assume E. Hamiltonian
that the static dielectric functioa is constant in space, we  The pseudo-Hamiltonian operator
can exploit the multipole expansion of|d/—r|:

H,=H-SPALRY, (20)
Uee(rlarZ):; which acts on the PS wave functions, is obtained as
elri—ry| the derivative of the total-energy functional with respect
15 an 2 to the two-center pseudodensity matrix operatpy,
< ~ ~
S e & 21t m;I Yim(r)Yin(ra). =3, UENFE (UEC|. The non-LDA contribution of the
>

LDA +U Hamiltonian is then obtained as the product of the

(15 derivativevtn'q"’m, of the non-LDA contribution to the total

energy and the projection operaf®y which is the derivative

Herer . andr. denote the smallest and largest values of ; ;
. . of the occupation with respect to the two-center pseudoden-
andr,, respectively. Under these assumptions we can trans-. : .
; Sity matrix operator. Thus we obtain
form Eq. (14) into

> 4 M RY= > P Vb (22)
<Xt1?Xt3|Vee|Xt2?X£1>:E oI+1 E (I, my|Y) mll2,mp) tim,m’
1=0 m=-1 where
X(l3,Mg| Yl s, my) ', (16)
Vid = 2 (Xing s Xyl Ved Xin, s Xin) N,
where (; ,m;) are the angular momenta quantum numbers of M3.My
Ix1), (I,m|Yn |l,m’) the Gaunt coefficients, anB' the
so-called screened Slater’s integrals. Because of the special + E [<X$nl;XEn3|Vee|X:nz;X}n4>
properties of the Gaunt coefficients, of$,F2, andF* con- M3 M4
tribute to the Coulomb integrals: _<an1 ;X:'r13|vee|)(:n4;)(§n2>]n£ﬁg,m4
1= “ rI< t,o’ L
Flzzfo drljo drzrfrgxg(rl)xg(rz)rm. (17 —; MN =500
>
, 1
The parameters andJ are identified with averages of the - 5(“,“]( Nb — E) Om, ,m,- (22)

Coulomb and exchange integrals, which are related to the
Slater integrald=°,F2, andF* by the properties of Clebsch- ~ The LDA contribution of the pseudo-Hamiltonian has the
Gordan coefficients, Eq16): usual form3
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LSDA magnetic moment is 0.95g, and mainly due to the
Nieg band splitting. This value is much smaller than the ex-
perimental valug1.64—1.9Qug, Refs. 42 and 43 The cal-
culated band gap of about 0.1 eV is also much smaller than
the experimental on€8.0—4.0 eV. The most interesting fea-
ture of our LSDA DOS is that thd states of Ni dominate the
region in the vicinity of the band gap, and that the top of the
valence state is of Iglg type for the first and I\Izig type for the
second spin. This electronic structure suggests that the band
gap is of Mott-Hubbard type. Hence, this LSDA picture of
NiO disagrees completely with experiment. It is surprising
that the quasiparticle calculation within the so-called GW
Majority _ . . approximation, performed by Aryasetiawan and
-8 -6 -4 -2 0 2 Gunnarssofi* produced results qualitatively similar to
Energy (eV) LSDA except for an increased band gap of 6 eV and an
increased magnetic moment of 146;. The quantitative
FIG. 1. Atom-resolved antiferromagnetic density of stateschange is the reduction of the pdandwidth by almost 1
(DOS, in states per unit cell per ¢df NiO calculated with LSDA. eV (Table ). However, a recent self-consistent model GW
The band gap is, with about 0.1 eV, significantly underestimatedealculation by Massidat al,*® in which the dynamic effects
The spin magnetic moment is 0.9 . were neglected, produced other results than those of Aryase-
) tiawan and Gunnarssdfl.It was argued by Massidat al.
1 that the results of the former GW calculation are not quite
<¢A1| N 7+U |¢’Az> self-consistent, presumably because of the additional nonlo-
cal ad hocpotential that is adjusted to the GW calculation in
~ each self-consistent step. The main difference between the
<pA2|' (23 two reported GW model calculations is that the latter
calculatiof® produced(i) a spreading of the Ni states over
For the LDA+U calculation, we first performed a self- the entire valence bandwidtkij) a vanishing gap between
consistent LSDA calculation using the all-electron PAWthe O 2 and Ni 3d and, most importantly(ii) an enhance-
method, and then used the self-consistent potential to conment of O 2 states at the valence-band maximum. The lat-
struct the LSDA Hamiltonian for a large numberlopoints  ter effect attributes the origin of the band gap mainly to a
in the Brillouin zone. Next, the Hubbard correction is addedcharge transfer gap because this gap is now between the O
to the LSDA Hamiltonian as given by EQR0), and the new  2p and Ni 3d conduction states. Next, we will show that this
Hamiltonian iterated until the occupation numbmﬁ‘fm, latter finding is in agreement with the results of the LBA
have converged. We have found that the so-called secondrodel.
variation procedure for self-consistent LBAJ,> in which
the LSDA potential is updated, did not yield any improve- B. LDA+U ground state
ment over our calculations without the update of the LSDA \We have used our implementation of the LBA model
potential. This is consistent with previous LBAJ  to determine the ground-state electronic structure of NiO.

Minority ‘ ' ' E;

[

M

DOS

- V2 -
fore- L5 S )
2 ATh, 1

~ vVZ .
—(éu,|— 7+Ul|¢A2>

calculations;® as well as with these of Shiakt al** Although it is common practice to use theextracted from
a constrained LDA calculation, we adopt a different point of
lll. GROUND STATE OF NiO view here. As stated in the introduction and in agreement

with recent results reported in the literatdfaye believe that

the value ofU extracted from constrained LDA is not the
The ground state of NiO has been calculated using théest possible choice. Therefore we have determined the elec-

PAW method, and the density-of-statd®0S9) is calculated tronic structure of NiO for an intermediat¢ of 5 eV as well

from the self-consistent PAW potential using the tetrahedroras for a larger value of 8 eV.

method for the Brillouin-zone integratid¥. Figure 1 pre- Figure 2 shows our LDAU DOS forU=5 and 8 eV.

sents the atom-resolved DOS in the augmentation region. AShe energy-band gap is found to be 2.8 and 4.1 eV, respec-

can be seen, LSDA produced an antiferromagnetic insulatingively. The total antiferromagnetic spin moment is 1.73 and

ground state with a small band gap. Table | shows that th&.83 ug, respectively. Our DOS obtained fdy=8 eV

A. LSDA ground state

TABLE |. Magnetic moment and band gap of NiO within LDA, LDAU (U=5 eV), and LDA+U
(U=8 eV). The radii of the augmentation regions are 1.7 and 2.1 a.u. for the oxygen and the nickel atoms,

respectively.
LDA LDA +U LDA+U Expt.
U=5eV U=8 eV
m (ug) 0.95 1.73 1.83 1.64Ref. 42—1.9 (Ref. 43

gap(eV) 0.1 2.8 4.1 3-4.4
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U=5eV
6 T HI
Minority "
i Ni,,
vl X
i )
i >
2 j S psz=mme
a . 2
bennrare ] -
W
-8 [ ® expt. (Kuhlenbeck et al.) 4
LDA+U (U=5eV)
Majority 10 ——-LbA
4 6 8 r X
Energy (eV) FIG. 3. LSDA (dashed ling and LDA+U (U=5 eV) (solid
line) calculated band structure along theX direction compared
6 U=8eV to the ARPES experiments by Shetal?! and by Kuhlenbeck
; ‘ , . ; ; ; 49
Minority Ni,, Nl etal
3
\ | obtained by LDA+U lies about 1 eV below that of LDA.

This LDA+U behavior is in agreement with angle-integrated
photoemissiofi and O K« x-ray emission spectroscopy,
which revealed that whereas the highest-binding-energy
= (BE) region corresponding to the QpZenergy region is cor-
rectly described within LSDA(and LDA+U), the Ni 3d
region at low BE is shifted about 2 eV towards higher ener-
gies. The LSDA Ni 3l bands should be shifted by about 2
eV towards lower energies to agree with angle-integrated

Majority photoemission. Consequently, the fact that the IHBA Ni
— : : : : : 3d energy region at low BE is shifted downwards in energy,
8 6 -4 -2 0 2 4 6 8 closer to the O P region due to the large Hubbard interac-
Energy (eV) tion, corresponds to an experimental observation and justifies

FIG. 2. Atom-resolved density of statéB0S, in states per unit the choice of aligning t_he experimental ARPES data with the
cell per eV of NiO calculated with LDA+U for (8) U=5 eV and LDA+U rather than with the LDA bands. _
(b) U=8 eV. The calculated band gap is significantly improved and_ R€garding the details of the comparison with experiment,
is ~2.8 eV U=5 eV) and 4.1 eV U=8 eV). The antiferromag-  Fig. 3 shows that our LDA U results in general are in good
netic total magnetic moment of 1.73, for (U=5 eV) and 1.83%;  agreement with both experimental ARPES dAt& In par-
for (U=8 eV) is also in good agreement with experiment. The topticular, all data points by Kuhlenbeckt al*® in the low
of the valence state is now Op2ike, thus producing a mixed [—1;0.5] eV region correspond to the LDAU calculated
charge-transfer-type band gap. bands, except for few points in the middle of theX direc-

tion at —0.5 eV. Sheret al?! distinguished three band com-

agrees well with previous LDAU calculation ponents in their experiment in the same energy domain, and
However, the DOS folJ=5 eV is in better agreement with some of their points do not agree with our LBAJ calcula-
the GW model calculation of Massidd al*® The top of the  tion, especially the few points at0.5 eV BE in the first part
valence band is reinforced by the ® 3tates, rendering the of the I'-X direction. However, others points coincide with
band gap a mixture of charge-transfer type andINid-like ~ LDA +U calculated bands. In the—3.5;—2] eV region,
excitations. In agreement with previous LDAJ calcula-  there are a number of data points corresponding to two bands
tions, the spin majority Nie, states are pushed towards in the experiment of Kuhlenbeck and co-workers and to three
lower energies, and the energy difference betv@eandeé bands in that of Shen and co-workers. The first band with
is about 11 eV folU=8 eV and 8.6 eV fotJ=5 eV. Here lower BE betweer] —2.5;—2] eV, which is rather flat in
again the GW model yields a value of about 9 eV for thisboth experiments, agrees quite well with LBAJ bands
splitting, in good agreement with our results fde=5 eV. along the entird"-X direction. The second band in this en-

Figure 3 compares our LDA and LDAU (U=5 eV) ergy region, beginning at 2 eV at thel’ point and reaching
band structure along thE X high-symmetry direction with the X point at—3 eV, is also in agreement with both experi-
the available angle-resolved photoemission experimentsments, except for the points close to thepoint. In the
(ARPES.21**The alignment of experimental and theoretical[—4;— 3] eV energy range, Sheet al. found a third band,
results has been arbitrarily chosen in order to fit the experiwhich is was not resolved by Kuhlenbeek al. and is in
mental data to the LDAU highest valence band at tHe  semiquantitative agreement with the LBAJ bands. The O
point. LDA and LDA+U agree well in the low-energy re- 2p region is quite well described by our LDAU results,
gion of the valence band, but the upper valence-band edgexcept for the folded-back band at5.5 eV, located at about

528’32’33’47’48



16 398 0. BENGONE, M. ALOUANI, P. BLGCHL, AND J. HUGEL PRB 62

1 eV below the data of Sheet al. and 1 eV above that of 150
Kuhlenbecket al. Nevertheless, the latter structure near

eV is interpreted by Kuhlenbeoht al. as a Ni 3 satellite.

The disagreement between the folded-back band and the ex-
perimental results of Sheet al. was interpreted by Massida 100
et al*® as due to the absence of satellite structures in the
one-electron theory.

IV. DIELECTRIC FUNCTION 50

For insulators, the imaginary part of the macroscopic di-
electric function is obtained within the RPA in the long- j

wavelength limit without local-field effects #s

0 L T
2
L ™ ek (2 B 0 2 4 6 8 10
62(0))—('1[“0 022 Ek: _qu M kgl “Fok—q(1—fc i) Energy (eV)
% 5(E(l§— Eb_q—ﬁw). (24) FIG. 4. LSDA calculated imaginary part of the dielectric func-

tion e;(w) of NiO. Compared to experiment, the optical energy gap

Here Mcﬁt—q are the interband transition matrix elements,is underestimated and the first excitation peak is very intense. This

f . is tﬁe zero-temperature Fermi distributidd,is the cell intense peak is due to interband transitions from the top of the
v ’ valence band of O R character to the bottom of the conduction

volume, ¢ denotes the conduction-band andhe valence- 4 of Nie. ch
band index. In the case of a local potential, the interband®d Of type Nieg character.

transition matrix elements are given by
model is a mean-fieldlike model in which excitonic effects

q K K are not included. To our knowledge, no calculations of exci-
m(\l’,ﬁpwc), (25 tonic effects have so far been attempted. Our results repre-
sent the first investigation of the low-lying excited states of
where the matrix elements?¥|p|¥X) are calculated using NiO that considers all the subtleties of chemical bonding

the PAW crystal wave functiond’* described by Eq(5): strong electron-electron interaction.
The interband transitions are responsible for the first

structure in the optical spectrum of NiO, located between 4.1

H ¢,k _
lim My q=
q—0

k Ky — /K[ |3k Tk
(\va|p|\lfc>—(\lfv|p|\1fc>+A2A, (ilpa{alpldar) and 5 eV. We found that 40.2% of the contribution results
’ from the transition from band 1Esecond highest-occupied
—<:ﬁA|p|Zf>A/>]<BA/|E’§>- (26)  band to band 17(lowest empty band 36.2% from the tran-

) o sition 16—18, and 15.9% from the interband transition 16
In the most general case, i.e., where the potential is nonlocal

as in LDA+U, a nonlocal contribution has to be added to the

interband transition matrix elemertsThe full derivation is 8 o— expt.
given in the appendix by EqA6). For NiO, the nonlocal — tgﬁ:ﬂg‘d:gm
contribution to the matrix elements is found to be small, i.e., 6

of a few percent.

Figure 4 shows the imaginary part of the dielectric func-
tion calculated within the LSDA. The resulting optical spec-
trum is not in agreement with experimefgee Fig. %. In oS4 |
particular, the optical gap is considerably underestimated and
the first structure has a much higher intensity compared to
experiment. Conversely, fdd =5 eV, our calculated imagi- 2
nary part of the dielectric function within the LDAU is in
a better agreement with experiment, as shown in Fig. 5. The
optical band gap and the oscillator strength of the first exci- 0
tation peak are in excellent agreement with experiment.
However, at higher-photon energies the agreement with ex- Energy (eV)

perimept is only q‘%a"taf“"e’ Whiqh is. expected owing to the FIG. 5. Calculated LDA-U imaginary part of the dielectric
mean-fleld appro?(lmatlon of this simple model. A mych function of NiO convoluted with a Gaussian lifetime at half maxi-
higher value olU, i.e., 8 eV, produces a much larger optical .;,,m of 0.3 eV foru =5 eV (solid curve and forU =8 eV (dashed
gap in contrast to experiment. In agreeme_nt with our cc_)ncluturve) compared to the experimental optical specffufiashed-
sion that a much smaller value bFis required to describe gotted curvi The agreement with experiment is much better for
NiO, Dudarev and co-worket$also found thall=6.2 &V y=5 ev. Most of the interband transitions giving rise to the first
reproduces the lattice parameter and the measured electrfeak are from the top of the valence band of O 2 character to the
energy loss spectra. It is too early to draw a definitive confottom of the conduction band of I}, character. At higher photon
clusion about the excited states of NiO, as our LBl  energy, the disagreement becomes stronger.
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FIG. 6. Left panel: band structure of NiO calculated with
LDA +U for U=5 eV along the high-symmetry directiohZ, ZK,
and KU. Right panel: density of stat€B0S, in states per unit cell
per eV of the initial and final states responsible for the first peak of
the imaginary part of the dielectric function. The interband transi-
tions between parallel bands giving rise to the first optical peak are
indicated by arrows.

—17. To analyze the character of the initial and final states
of the interband transitions, the band-structure dispersion
along some of the high-symmetry directions is shown in Fig.
6 together with the DOS of the states that give rise to the first
optical peak. The arrows between the parallel bands indicate
the interband transitions from the initial to the final state
responsible for the first structure in the optical spectrum.
Figure 7 shows the charge density plot of the initial and
final states‘lfﬁ"’ for bands 16 (highest occupied band
and 18 (second lowest empty bandat point k
=(127/120,127/36Q/3/90)m/a located between the high-
symmetry points K and U, where the optical matrix element
value is among the largest. It also shows that the initial state
is of mixed O 2 and Ni 3d character, whereas the final state
mainly is of Niey character. The optical transitions then are
between the O g and the Ni 3 states, resulting in excita-
tions of the charge-transfer type. Our interpretation differs [~ 7]
from that of Fujimori and Minamt! who used a configura- %1\
tion interaction within the metal-ligand cluster and claimed
that thed—d charge-transfer transitions are the origin of  FIG. 7. Initial (top) and final (bottom) charge densities of one
fundamental edge. The drawback of the cluster calculation ispin direction at the poirk=(127/120,127/36Q/(3)/90ra located

that in reality the oxygen R orbitals are delocalized and between the high-symmetry points K and U of the topmost valence
therefore not well described in a small cluster. On the otheband(16) and the second lowest conduction b&t8), where the
hand, an earlier, band-structure-based interpretation by Mesptical matrix element value is among the largest. The interband
sick and co-workefsassigned the peak to one-electron inter-transitions giving rise to the first peak of the optical spectrum of
band transitions associated with Nd 30 the Ni 4s states. NiO are due to allowed electronic transition between initial @ 2
This interpretation is not correct either because thedNake ~ and Nigy final states as shown in the plot.

far above the top of the valence statgseater than 6 el

and only quadrupolar interband transitions are permitted be-pA +U calculations and a recent GW model calculafion.
tween the 8 and 4 states, which substantially reduces the|n particular, we obtained the correct antiferromagnetic insu-
peak intensity. lating ground state of NiO.

We discussed the results in terms of the strength of the
Hubbard interactiorl). The optimum value ofJ has been
determined by comparison with the experimental dielectric

We have presented a new implementation of LB\  function as well as with the ground-state properties. We ob-
model based on the PAW methdtiwhich is an all-electron served a large enhancement of the @ character at the top
method without any shape approximation to the potential oof the valence state, resulting in a more charge-transfer than
the charge density. We tested the method on NiO and obNi d—d LSDA-type band gap. The calculated antiferromag-
tained results that are in good agreement with previousmetic moment is in good agreement with experiment.

V. CONCLUSION
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Our calculated dielectric function for an intermediate The quadratic and higher-order termsgrtan be ignored in
value ofU, namely, 5 eV, is in good agreement with experi- the long-wavelength limit appropriate for optical transitions.
ment. The low-lying, strong structure in the optical spectrumThe commutator involving the non-LDA part" is obtained
has been assigned to an interband transition fronpGtates as
at top of the valence band to the N, states at the

conduction-band bottom. Hence the origin of the first optical [HY,e'9]_=—iq[H",r]_+0(q)?
peak is due to a charge-transfer excitation.

Our calculation is supported by a recent LBA calcu- = Vi Pt (1 +0(q)2
lation by Dudarev and co-workef8 who also argue that a qtgm, man' ol P o] (@)

much smaller value ob) than the one obtained from con- (A3)
strained LDA calculation is needed to describe the electron

energy-loss spectra and the equilibrium lattice parameter. l{ext we use the relation that holds for the special form of the
should be interesting to apply this method to other transitionprojector operator presented in HG0)

metal oxides and check the applicability of LSBA for

, g i, o
producing excitation energies Pr o Dtt.mad = 00, (D] bt v Ber 81 20m
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APPENDIX: OPTICAL TRANSITION MATRIX (A5)
ELEMENTS IN LDA +U
Finally, we obtain the expression of the matrix elements

The interband transition matrix elements for a 9VENtor the dipole transition, with the PAW LDAU formalism:

Hamiltonian are obtained as follows:

Mc,k (¥, efiqr\I, . —q ~ ~
v,k—q < v,k q| | C,k> lim Mg"t_q:—(e - k) <\vayk|p|\lfc’k>
i —0 v,K—Q C,
_ <q,v,k—q|(5v,k—q_ €ck)€ Iqr|q,(:,k> K
€ k— — € k ~ ~
v e + 2 SV, lpa)| (balplbar)
_<q,v,k—q|Heilqr_eilqu|\I,c,k> AN
Ev’qu__ Cok —(dalpldar)
<\I,v k7q|[Hveilqr]f|‘I’c k>
— . A . t tt
evvk,q—ecyk (Al) +1 E Vm,m’(<Pm,m'¢A|elll(r)r|¢A’>
m,m’
The commutator involving of the LDA contributidd“-°* to
i _ 4LDA U t ~
the HamiltonianH=H"-""+H" is _<¢A|90t(r)r|pm‘m,¢A,>) <pA,|\pc'k>]_
: 1 :
[HLDA,eflqr]_z_E[vZ,eflqr]_ (A6)
1 _ , The difference between wave functio|nisv,k> and@uvk,q}
=—5(=2iqV+0qY) has been ignored because it only contributes to terms that are
proportional tog?, which are ignored in the long-wavelength
=—qgp+0(q) (A2)  limit.
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