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All-electron GW calculation based on the LAPW method: Application to wurtzite ZnO
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We present an all-electron implementation of theGW approximation and apply it to wurtzite ZnO. Eigen-
functions computed in the local-density approximation~LDA ! by the full-potential linearized augmented-
plane-wave or the linearized muffin-tin-orbital method supply the input for generating the Green functionG
and the screened Coulomb interactionW. A mixed basis is used for the expansion ofW, consisting of plane
waves in the interstitial region and augmented-wave-function products in the augmentation-sphere regions. The
frequency dependence of the dielectric function is computed within the random-phase approximation~RPA!,
without a plasmon-pole approximation. The Zn 3d orbitals are treated as valence states within the LDA; both
core and valence states are included in the self-energy calculation. The calculated band gap is smaller than
experiment by;1 eV, in contrast to previously reportedGW results. Self-energy corrections are orbital
dependent and push down the deep O 2s and Zn 3d levels by;1 eV relative to the LDA. Thed level shifts
closer to experiment but the size of shift is underestimated, suggesting that the RPA overscreens localized
states.

DOI: 10.1103/PhysRevB.66.125101 PACS number~s!: 71.15.Qe, 71.15.2m, 71.15.Ap, 71.20.Nr
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I. INTRODUCTION

Density-functional theory~DFT! provides a foundation
for modern electronic-structure calculations, and the loc
density approximation~LDA ! is an efficient way to calculate
the ground-state properties of material. However, the L
eigenvalues should not necessarily identified with the qu
particle ~QP! energies, although eigenvalue differences
often used to describe the excited state. Time-dependent
can in principle describe the excited state, but a good
proximation for the time-dependent exchange-correlat
kernel is not known. TheGW approximation~GWA! of
Hedin1 provides a practical method to calculate the QP
ergy. Hybertsen and Louie presented the firstGW calculation
for real materials in 1986.2 They employed eigenfunction
given by the LDA as input, using additionally a pseudop
tential approximation.

Several methods have since been developed within v
ous band-structure-calculation schemes.3 Calculated QP en-
ergies typically agree well with experiment, for many kin
of materials. However, various kinds of approximations
addition to theGW approximation itself are usually em
ployed, whose adequacy has not been well tested. Here
present a method that makes minimal approximations in
dition to the GW and random-phase approximations. W
start with the LDA eigenfunctions generated by the fu
potential linearized augmented-plane-wave4 ~LAPW! or a
variant of the full-potential linearized muffin-tin-orbital5,6

~LMTO! method, where in either case eigenfunctions are
panded in atomiclike local functions in the muffin-tin~MT!
sphere regions and in plane waves in the interstitial reg
In order to treat the localized electrons accurately, the C
0163-1829/2002/66~12!/125101~8!/$20.00 66 1251
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lomb interactionv and the screened Coulomb interactionW
are expanded with a newly developed mixed basis that c
sists of two kinds of basis functions. One is the product-ba
function developed by Aryasetiawan and Gunnarsso7

which is constructed from the products of the local functio
in the MT-sphere regions. The other is the interstitial pla
wave ~IPW! that takes zero in the MT-sphere regions a
equals to the usual plane wave in the interstitial region. W
the mixed basis, we can treat localized electrons, even
electrons, on the same footing as the other extended e
trons. The mixed basis is by construction essentially a co
plete basis for the expansion ofW; therefore, for given eigen-
functions as input, our method can produce reasonably w
converged QP energies rather more efficiently than a met
that expandsW in-plane waves alone.

The LMTO method employs smooth Hankel functions
envelope functions,6 which are smoother and more accura
than the ordinary Hankel functions customary to the LMT
method. About 100 envelope functions were employed
this calculation. To check convergence, empty sphere
added to some of the calculations, mainly to enlarge the b
set. However, little difference was found whether the em
sphere was added or not.

We apply this approach to wurtzite-type ZnO, whose v
lence bands consist of extended O 2p and Zn 4s orbitals and
rather localized Zn 3d and O 2s orbitals. ZnO is important
for optical device technology since the material is optica
transparent and can be doped with both electrons and ho8

Compared with most other II-VI and III-V compounds suc
as ZnS, GaN, etc., the position of the cationd levels is rather
high and relatively close to the anionp-derived valence-band
maximum~VBM !. The effect of the Zn 3d state is not neg-
©2002 The American Physical Society01-1
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ligible for the various properties. For example, the 3d state
couples to the VBM and pushes it upward, reducing the b
gap.

This paper is organized as follows. Section II briefly d
scribes the method. In Sec. III, we show LDA andGW
results for ZnO and compare them to experimental d
and previously reportedGW results. A summary is given
in Sec. IV.

II. OVERVIEW OF THE GW CALCULATION

The brief procedure of ourGW calculation is presented
here; it will be described in more detail elsewhere.9 In the
Green’s function approach, the QP energyEkn and wave
function f kn(r ) of a many-electron system are given as so
tion of the equation

@Ekn2T2VH~r !# f kn~r !2E S~r ,r 8,Ekn! f kn~r 8!d3r 850,

~1!

where T is the kinetic-energy operator,VH is the Hartree
potential plus the electrostatic potential from nuclei, andS is
the self-energy. In theGW approximation, the self-energy i
written as

S~r ,r 8,v!5 i E
2`

` dv8

2p
eiv8dG~r ,r 8,v1v8!W~r ,r 8,v8!.

~2!

It is convenient to divideS into S5Sx1Sc , with Sx
5 iGv the bare exchange term andSc5 iGWc the correlation
term. HereWc[W2v.

We take a perturbative approach to findEkn . First, we
solve the Kohn-Sham~KS! equation

@ekn2T2VH~r !2Vxc
LDA~r !#ckn~r !50, ~3!

whereVxc
LDA(r ) is the exchange-correlation potential in th

LDA. We assume thatS2Vxc
LDA is small enough to be treate

a first-order quantity. ExpandingS(Ekn) aroundekn , we ob-
tain to first order

Ekn.ekn1Zkn@^cknuS~ekn!uckn&2^cknuVxc
LDAuckn&#,

~4!

whereZkn is the renormalization factor defined by

Zkn5@12^cknu~]S/]v!uv5ekn
uckn&#21. ~5!

We also estimate the first-order energy in the Hartree-F
approximation~HFA! through

Ekn
HFA5ekn1^cknuSxuckn&2^cknuVxc

LDAuckn&, ~6!

although the KS wave function may be different from t
HFA one, and, therefore,Ekn

HFA is not the true self-consisten
HFA value.

In the augmented-wave methods, space is divided
MT-sphere regions and the interstitial region. In both LAP
and the present LMTO methods, the KS wave function
expanded as
12510
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ckn~r !5(
lm

(
b51,2

Aalmb~r !aalmb
kn 1(

G
PG

k ~r !zn
k1G , ~7!

where the atomiclike local functionAalmb(r ) is defined by

Aalmb~r !5H falb~r !Ylm~ r̂ ! in the a-atom MT-sphere,

0 otherwise,
~8!

with orthogonal radial wave functionsfalb(r ) (b51 or 2)
and spherical harmonicsYlm( r̂ ). The IPWPG

k (r ) is defined
by

PG
k ~r !5H 0 in the MT-sphere regions,

ei (k¿G)•r in the interstitial region.
~9!

The interactionsv andW are well expressed by the prod
uct of two KS eigenfunctions in our perturbative treatme
The productck1n1

(r )ck2n2
(r ) is expanded by the product o

two local functionsAal1m1b1
(r )Aal2m2b2

(r ) in the MT-sphere
regions and by the product of two plane wave
PG1

k1 (r )PG2

k2 (r ), in the interstitial region. Following Aryase

tiawan and Gunnarsson7 the complete set of product func
tions is reduced by eliminating nearly linearly depende
ones. Taking the Bloch sum of the product functions,
finally obtain the product-basis function expressed asBam

k (r )
in the a-atom MT-sphere region. The product of IPW’s
also IPW in the interstitial region: PG1

k1 (r )PG2

k2 (r )

5PG11G2

k11k2 (r ). Thus, we obtain a mixed basis$Mi
k(r )%

[$Bam
k (r ),PG

k (r )% which is suitable for expansions ofv and
W. The index i specifies a member of the basis and ru
throughG andam.

Because of the nonorthogonality of IPW’s, the overl
integral of the mixed-basis functions,

Si j [^Mi
kuM j

k&,

is nonvanishing foriÞ j . We therefore define the dual-bas
function

M̃ i
k~r ![(

i 8
Mi 8

k
~r !Si 8 i

21 . ~10!

The Coulomb interactionv is expanded as

v~r ,r 8!5(
k

BZ

(
i j

M̃ i
k~r !v i j ~k!„M̃ j

k~r 8!…* ,

v i j ~k!5^Mi
kuvuM j

k&. ~11!

The Coulomb matrixv i j (k) can be calculated by using th
structure constants.9

The self-energy is calculated by usingekn , v i j (k) and

^cqnucq2kn8M̃ i
k&. The diagonal part ofSx is given by
1-2
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^cqnuSxucqn&52(
k

BZ

(
i j

(
n8

occ

^cqnucq2kn8M̃ i
k&v i j ~k!

3^M̃ j
kcq2kn8ucqn&. ~12!

The noninteracting polarization functionD is expanded in
the same manner as Eq.~11!:

Di j ~q,v!5(
k

BZ

(
n

occ

(
n8

unocc

^M̃ i
qcknuck1qn8&^ck1qn8ucknM̃ j

q&

3F 1

v2ek1qn81ekn1 id

2
1

v1ek1qn82ekn2 id
G . ~13!

We use the tetrahedron method for the Brillouin zone~BZ!
summation in Eq.~13! following Ref. 10. The screened Cou
lomb interaction is given byW5(12vD)21v in the
random-phase approximation~RPA!. W is also represented
by the mixed basis.

The correlation part of the self-energy is calculated as

^cqnuSc~v!ucqn&

5(
k

BZ

(
n8

all

(
i j

^cqnucq2kn8M̃ i
k&

3^M̃ j
kcq2kn8ucqn&

i

2pE2`

` Wi j
c ~k,v8!

v1v82eq2kn86 id
dv8,

~14!

where2 id is taken for the occupied states and1 id for the
unoccupied states. We perform the frequency integration
Eq. ~14! with a method devised by Aryasetiawan.3

The evaluation of the exchange self-energy must be
ried out carefully since the Coulomb interactionv i j (k)
shows a singular behaviorv i j (k)}Ui

0* (k)U j
0(k)/uku2 as k

→0, where U j
0(k) denotes the corresponding normaliz

eigenfunction. The singularity also exists inW. To handle the
singular behavior, we use the offsetG-point method,9 which
is essentially equivalent to the method to integrate the div
gent part analytically.2

The QP energies are calculated with including the c
contributions through the following equation:

Ekn5ekn1Zkn@^cknuSx
core11Sxc

core21valenceuckn&

2^cknuVxc
LDA~ntotal!uckn&#, ~15!

where we divide the core states into two groups: core1 is
deep core state, which affects the QP energies only thro
Sx , and core2 is the relatively shallow core, which is trea
on the same footing as the valence electrons.
12510
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III. RESULTS FOR ZINC OXIDE

We first describe the LDA calculation performed using t
full-potential LAPW method. The local exchange-correlati
functional of Vosko, Wilk, and Nusair11 is employed. The
space group of wurtzite ZnO isP63mc. The lattice constant
and the MT-sphere radii are given in Table I. The angu
momentum in the spherical-wave expansion is truncate
l max56 and l max54 for the potential and wave function, re
spectively. Thisl max54 value is rather small, which give
errors compared with more accurate calculations withl max
57, but the differences of them are within 0.02 eV for t
LDA band gap. The energy cutoff of the IPW is 16 Ry for th
wave function. We take 1152k points in the first BZ. The Zn
(3d)10(4s)2 and O (2s)2(2p)4 electrons are treated as va
lence electrons.

The GW calculation is performed with 32k points in the
BZ. The energy cutoff of the IPW is 10 Ry for the Coulom
matrix. We treat 18 occupied bands and take into acco
100 unoccupied bands. When producing the product ba
we ignore the product functions includingfalb52 because
the terms make small contributions. The Zn 3p states, which
are relatively shallow in the core states, are chosen to
core2 electrons; i.e., the Zn 3p states are treated on the sam
footing as valence states and taken into account for the
culation of the correlation part of the self-energy. All the co
and valence electrons are included into the calculation of
exchange part of the self-energy. In Sec. III C, we check
convergence of the QP energies ink points, plane waves
unoccupied states, and product functions.

A. LDA

Unless otherwise stated, results in this section refer to
LAPW method. The LDA band structure for ZnO is shown
Fig. 1 and the density of states~DOS! is shown in Fig. 2. All
energies are given with respect to the top of the vale
band. Around217 eV, we obtain two bands originatin
from the O 2s states. The narrow bands between26 and
24 eV consist mainly of the Zn 3d orbitals, and the mod-

TABLE I. Crystal structure and MT radii for wurtzite ZnO

Atomic positions are (13 , 2
3 ,0) and (23 , 1

3 , 1
2 ) for Zn and (13 , 2

3 ,u) and

( 2
3 , 1

3 ,u1
1
2 ) for O. We use experimental values ofa andc given in

Ref. 12, while theu parameter of O is estimated within the LD
separately with the LAPW and LMTO calculations. The change
eigenvalues computed with the two different values ofu is small. In
some of the LMTO calculations, an empty sphere was added
enlarge the basis set.

LAPW LMTO
a @Å# 3.253a 3.253a

c/a 1.6025a 1.6025a

u 0.3817 0.3825

Zn radius@a.u.# 2.0 2.13
O radius@a.u.# 1.4 1.70
Es radius@a.u.# 2.04

aReference 12.
1-3



s,
e

19
t
o

re
i

nds
ur-
of
e
-

of
her
ll-

is
he
the
d

e

ted:

r of

he

e
he

USUDA, HAMADA, KOTANI, AND van SCHILFGAARDE PHYSICAL REVIEW B66, 125101 ~2002!
erately dispersive bands from24 to 0 eV consist mainly of
the O 2p orbitals. Figure 2 shows significantp-d hybridiza-
tion. The Zn 3d-derived bands are split into two group
leading to a double-peak structure in the DOS. The low
peak is characterized by a strongp-d hybridization. The
sharp upper peak between24.8 and24.2 eV has strong Zn
3d character and the hybridization with the O 2p states is
very small. The band gap opens between the 18th and
bands, and the fundamental gap of 0.77 eV is located at
G point. The lowest two conduction bands consist mainly
the Zn 4s orbitals. The energy levels at theG point computed
by the LAPW method are shown in Table II. Also shown a
the levels computed by the LMTO method. Agreement

FIG. 1. LDA band structure in wurtzite ZnO.

FIG. 2. Density of states in wurtzite ZnO.
12510
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excellent; the band gaps are nearly identical and the ba
agree to within 0.1 eV over the entire valence bands. A f
ther check was made using an entirely different kind
LMTO method,13 and similar agreement was found. Th
band dispersion is similar to the result of the norm
conserving pseudopotential method by Schro¨er, Krüger, and
Pollmann.14 One important discrepancy is the magnitude
the band gap: their fundamental gap is only 0.23 eV. Ot
reported LDA gaps are 0.93 eV calculated with the fu
potential LAPW method15 and 1.15 eV within the LMTO
atomic-sphere-approximation~ASA! method.16

B. GWA

The GW band structure computed with LAPW input
shown in Fig. 3 together with the LDA band structure. In t
figure, all energies are given with respect to the top of
valence band~the valence-band top in the GWA was shifte
up 0.49 eV relative to the LDA!. We also show the LDA,
GW, and HFA energies at theG point in Table II. The first
and second bands are the O 2s bands, the 3th–12th ar
mostly Zn 3d character, bands 13–18 are of mostly O 2p
character, and bands 19–20 the Zn 4s conduction bands.
Because the Zn 3d bands and the O 2p bands overlap in
energy, the characterization of the band is more complica
e.g., at theG point, the LDA 8th state has an O 2p character,
while the 13th state has a Zn 3d character.

The self-energy correction is sensitive to the characte
the band, as seen from Table II. The lowest O 2s bands are

TABLE II. The LDA, GW, and HFA energies~in eV! at k
5(0,0,0). All energies are given with respect to the top of t
valence band. The LAPW-GW and LMTO-GW results use 32 and
216 k points, respectively. As shown in Tables V, VI, and VII, th
LAPW-GW fundamental gap would be 0.05–0.1 eV smaller if t
combined effect of complete convergence ink points, IPW, and
number of unoccupied states were taken into account.

LDA GWA HFA
Bandn LAPW LMTO LAPW LMTO LAPW

1 217.84 217.74 218.56 218.37 223.17
2 217.06 216.97 217.78 217.67 222.42

3,4 25.80 25.77 26.62 26.51 29.95
5 25.74 25.70 26.58 26.49 29.99
6,7 25.62 25.59 26.46 26.34 29.80
8 25.53 25.61 25.65 25.59 25.58
9,10 24.70 24.63 25.90 25.82 29.87
11,12 24.48 24.42 25.68 25.61 29.75

13 24.19 24.12 25.20 25.13 28.92
14,15 20.74 20.79 20.84 20.87 20.89
16 20.10 20.09 20.08 20.03 20.00
17,18 0 0 0 0 0

19 0.77 0.78 2.44 2.44 11.39
20 5.13 5.12 7.19 7.25 17.13
1-4
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FIG. 3. ~Color! The GW band
structure ~solid lines! and the
LDA band structure~dashed lines!
for wurtzite ZnO. The self-
energy corrections are calculate
at the points marked with an
asterisk(*).
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shifted by;21 eV, the Zn 3d bands by;21 eV, and the
conduction Zn 4s bands by;12 eV. The Zn 3d bandwidth
shrinks, while the O 2p bandwidth and the Zn 4s bandwidth
are enhanced. The O 2s bandwidth does not change. Th
centers of the O 2s band and the Zn 3d band are
220.7 eV~Ref. 20! and28.81 eV~Ref. 21!, respectively, in
experiment. Table II shows that thoseGW bands are located
higher by about 2 eV than the experimental positions. T
HFA result is rather closer to the experiment.

The LAPW gaps are 0.77 eV, 2.44 eV, and 11.39 eV in
LDA, GWA, and HFA, respectively, as Table II shows, fo
the 32-k-point mesh employed. The LMTO results are ve
similar. The experimental gap is 3.44 eV.16 The large HFA
gap reflects the neglect of screening the exchange while
LDA gap is too small largely because it neglects the non
cality in the ~screened! exchange altogether.17 The GW gap
is closer to the experiment but still smaller by;1 eV than
the experimental gap. Previously reportedGW gaps are
somewhat larger. Using a modelGW approach, Massidda
et al. found a gap of 4.23 eV~Ref. 15! and Oshikiri and
Anyasetiawan found a gap of 4.28 eV~Ref. 16! using an
all-electron approach within the atomic-spheres approxim
tion. Our scheme is numerically rather better in order
12510
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evaluate theGW self-energy. The major part of the error i
our gap energy is thought to be derived from the overe
mate of the dielectric function, originating from underes
mated LDA gap used to generate it. We have fou
previously5 that GW gaps are systematically underestimat
in semiconductors, with the error increasing with ionici
Using an all-electronGW implementation within the PAW
method~albeit including valence-only electrons in theGW
calculation!, Arnaud and Alouani18 have also noted a ten
dency for theGW band gaps to be smaller than the expe
mental ones. For example, for Si, they find a gap of 1.00
Using a fully converged 512-k-point mesh, our LAPW-GW
gap is 0.88 eV and our LMTO-GW gap is 0.89 eV. Ku and
Eguilez19 have recently reported the LAPW-GW gap of 0.85
eV using a 512-k-point mesh.

In our calculation, the dielectric function is overestimat
for the reasons listed below.~1! In the RPA, the electric
attractive force is neglected between excited electron
hole; there is no restoring force for the polarization, lead
to a overestimation of the polarization function.~2! The LDA
band structure has a much smaller band gap than the ex
mental one. The electron-hole pair excitation energy
smaller than in the real system, resulting in an overestim
1-5
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tion of the polarization function.~3! The LDA eigenfunctions
might not be so reasonable to calculate the matrix eleme
which are used in the evaluation of the polarization functi
Indeed, Zn 3d and O 2p bands are well separated in expe
ments, while they overlap in part in the LDA. The hybri
ization between the Zn 3d and the O 2p orbitals is overes-
timated, also the same between the Zn 4s and O 2p because
of the smaller band gap in the LDA. These can affect
polarization function through the matrix elements. In order
improve our calculation in the latter two points~2! and ~3!,
we need to perform a self-consistent calculation—that is
use the QP energies and wave functions to calculate
screened Coulomb interactionW.

Indeed, we have tried a screened exchange scheme,
to analyze the origin of the error on band gap, as we w
show elsewhere.22 The method can be taken as a simplifi
semi-self-consistentGW method. One advantage of such
self-consistent scheme is that we do not need to use an
proximation in Eq.~4! to expandS aroundekn . Based on the
analysis, the large part of the error really seems to come f
the dielectric constant. In addition, there is an another m
source of error connected with the fact that the Zn 3d level is
too shallow. These sources of error account for most of
discrepancy between theGW and experimental gaps, as wi
be described there.

In addition, we are developing a better semi-se
consistentGW method to useS(EF) (EF denotes the Ferm
energy! in addition to the shifts of the QP energies as cal
lated here. The assumed self-energy is static but the
diagonal part is taken into account well. An advantage
such a method is thatW satisfies thef-sum rule, though the
true self-consistentGW scheme does not. We expect th
method to reproduce better agreements for band gaps
also magnetic moments in the case of NiO, etc. Roug
speaking, we might say the method can be regarded
LDA1U method where we can determineU self-
consistently.

Last, in Table III, we show the real part ofS at theG
point. In the table, we take the notationSkn

GWA

[^cknuS(ekn)uckn& and Skn
LDA[^cknuVxc

LDAuckn&; the self-
energy corrections are given byZkn@Skn

GWA2Skn
LDA#. The nor-

malization factorZkn is between 0.66 and 0.81, which
comparable to simple metals or semiconductors. As no
before, the self-energy corrections are negative for the
lence bands and positive for the conduction bands and
larger for the localized states. Table IV shows the decom
sition of Skn

GWA at the G point to the core-exchange pa
Skn

xcore1, the exchange partSkn
x , and the correlation partSkn

c .
The contributions of the core2 electrons are included inSkn

x

and Skn
c . The exchange partSkn

x has a large discontinuity
across the Fermi level, leading to a wide gap in the HFA. T
correlation partSkn

c is positive for the valence bands an
negative for the conduction bands, leading to a reduction
the band gap from the HFA value.

C. Convergence check

TheGW band structures described in Sec. III B have be
calculated using 32k points in the BZ, an IPW energy cuto
12510
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of 10 Ry for the Coulomb matrix, 100 unoccupied states, a
neglecting products includingfalb52. To check the conver-
gence of the QP energies, we have performedGW calcula-
tions with some different conditions. The conditions we ha
used are 64k points 144k points, a energy cutoff of 16 Ry
for the IPW, or 200 unoccupied states. The results are sh
in Tables V–VII, compared to the result in Sec. III B. In an
case, the errors are within 0.1 eV. We have also perform
the calculation with the products includingfalb52 for Zn.

TABLE III. GW self-energiesSkn
GWA at k5(0,0,0), together

with the LDA exchange-correlation termSkn
LDA and the renormaliza-

tion factorZkn . The corrections are given byZkn@Skn
GWA2Skn

LDA#.

Bandn Skn
GWA @eV# Skn

LDA @eV# Zkn Corrections@eV#

1 222.09 220.33 0.69 21.22
2 223.28 221.45 0.66 21.21

3,4 235.25 233.37 0.70 21.32
5 235.74 233.83 0.70 21.33
6,7 235.74 233.84 0.70 21.33
8 218.62 217.74 0.70 20.61
9,10 241.70 239.36 0.72 21.69
11,12 242.46 240.11 0.72 21.69

13 240.66 238.55 0.71 21.50
14,15 227.44 226.65 0.75 20.59
16 227.93 227.30 0.75 20.47
17,18 228.79 228.13 0.75 20.49

19 212.87 214.32 0.81 1.18
20 212.45 214.39 0.81 1.57

TABLE IV. Core-exchange partSkn
xcore1, exchange partSkn

x , and
correlation partSkn

c of theGW self-energy atk5(0,0,0). The con-
tributions of the core2 electrons are included inSkn

x andSkn
c .

Bandn Skn
xcore1 @eV# Skn

x @eV# Skn
c @eV#

1 21.85 229.84 9.60
2 22.02 230.81 9.55

3,4 25.04 238.51 8.29
5 25.17 238.93 8.36
6,7 25.18 238.87 8.31
8 21.24 222.57 5.20
9,10 26.83 243.73 8.85
11,12 27.01 244.39 8.95

13 26.55 242.75 8.65
14,15 22.85 229.97 5.39
16 22.92 230.31 5.30
17,18 23.14 231.02 5.37

19 21.45 28.27 23.15
20 21.44 26.97 24.04
1-6
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The improvement is quite small, within 0.005 eV. OurGW
result thus shows good convergence; especially, a s
number of IPW’s is enough to achieve a good result.

We have checked the influence of the Zn 3p core states.
In Sec. III B, we have treated the states as core2; i.e., t
are treated on the same footing as valence states. Now
treat the Zn 3p states as core1~and include the products with
falb52 for Zn!. The fundamental gap becomes 2.47 eV a
the Zn 3d bands are shifted lower by;0.1 eV. The effect of
the Zn 3p electrons on the valence band through the co
lation term in the self-energy is about 0.1 eV. We have a
checked the influence of the Zn 3s core states in the s
manner and have found that the changes of QP energie
within 0.05 eV.

TABLE V. Dependence on the QP energies on the numberk
points, for representative states at theG point. The calculation with
32 k points is the same as in Table II. The LMTO method was u
to compute QP energies for finer meshes, up to 216k points (6
3636 mesh). The LMTO-GW gap changed by20.1 eV going
from 64 to 216k points; assuming the same convergence ink points
within the LAPW method, we estimate the converged LAPW-GW
fundamental gap to be 2.32 eV, keeping all other parameters fi
The LAPW-GW and LMTO-GW energies agree with each other
within 0.1 eV, with the error approximately tracking differences
the LDA eigenvalues.

Bandn 144 k 64 k 32 k

1 218.51 218.54 218.56
3 26.60 26.60 26.62
8 25.64 25.62 25.65
14 20.84 20.83 20.84
18 0 0 0
19 2.35 2.42 2.44

TABLE VI. Dependence of the QP energies on the number
IPW’s used to make the the Coulomb matrix for representa
states at theG point. Data with the 10 Ry cutoff are the same as
Table II.

Bandn 16 Ry 10 Ry

1 218.55 218.56
3 26.59 26.62
8 25.64 25.65
14 20.84 20.84
18 0 0
19 2.47 2.44
-
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IV. SUMMARY

We have presented a procedure for calculating the s
energy in the GWA with the mixed-basis expansion based
the full-potential LAPW and LMTO methods and have a
plied the all-electronGW calculation to wurtzite ZnO. The
mixed-basis method works well for this system which h
both extended states and localized states; theGW calculation
has a good convergence in various parameters and ca
performed on a workstation-level computer.

The GW band gap of ZnO is smaller than experiment
;1 eV. The self-energy correction is orbital dependent, a
the localized O 2s and Zn 3d states are lowered by;1 eV
relative to the LDA values, while still higher than exper
ment. TheGW calculation overestimates the screening eff
for localized states such as the Zn 3d states, because of th
RPA and LDA band structure. We have discussed that s
consistent calculations are needed to improve the results
referred to our progress on it.

For a four-atom system having localized 3d orbitals such
as wurtzite ZnO, we can complete theGW calculation with
32 k points in the BZ within 3 days by using a DEC alph
21264 667MHz workstation. OurGW code is available on a
web site.23
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TABLE VII. Dependence of the QP energies on the number
the unoccupied states, for representative states at theG point. The
calculation with 100 unoccupied states is the same as in Table

Bandn 200 unoccupied 100 unoccupied

1 218.56 218.56
3 26.54 26.62
8 25.62 25.65
14 20.83 20.84
18 0 0
19 2.45 2.44
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