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Electron bandwidths in LiD, LiF, LiCl, solid C60, MgO, KCl, Ar, and CaF2, evaluated in the local-density
approximation~LDA ! and Hedin’sGWapproximation, are noted. Bandwidths are underestimated by the LDA
as compared toGWresults or experiment. This is explained by exchange and correlation effects being strongest
on atomic or molecular sites, which compresses bands, with the LDA overestimating such compression. It is
reasonable for compression to occur because states at the band maxima have more nodes between atoms or
molecules, so that they are more concentrated on such sites.@S0163-1829~98!03036-7#

BRIEF REPORTS

Brief Reports are accounts of completed research which, while meeting the usualPhysical Review Bstandards of scientific quality, do
not warrant regular articles. A Brief Report may be no longer than four printed pages and must be accompanied by an abstra
same publication schedule as for regular articles is followed, and page proofs are sent to authors.
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INTRODUCTION
To understand or predict optical properties and other ch

acteristics of solids involving electron excitations, a descr
tion of the electron band states is often required. The lo
density approximation1 ~LDA ! and its gradient-correcte
extensions2 provide a useful theoretical framework for trea
ing such states. Structural relaxation of solids can be car
out with ;1% accuracy using self-consistent LDA o
gradient-corrected calculations. However, LDA band str
tures need corrections to account more accurately for
change and correlation~self-energy! effects on band energie
if the energies are to be used in conjunction with LDA wa
functions to describe electron excitations. This work featu
a survey of self-energy effects on bandwidths in ionic, no
gas, and molecular solids. That is, a band considered is
derived from a complex of degenerate atomic or molecu
orbitals, such as F 2p in LiF or the highest occupiedHu
states in C60.

To improve LDA band energies, quasiparticle calcu
tions are often done.3–6 For a state in bandn with crystal
momentumk, the Dyson equation may be written

@2 $\2/~2m!%¹21Vext~r !1VH~r !#Cnk~r !

1E d3r 8S~r ,r 8;enk
qp!Cnk~r 8!5enk

qpCnk~r !.

Vext andVH are the external potential~of nuclei or ion cores!
and Hartree potential,S is the self-energy operator, andCnk
andenk

qp are the quasiparticle wave function and energy. M
quasiparticle calculations use Hedin’sGW approximation,3
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which includes only the lowest-order term in an expans
for the electron self-energy operator

S~r ,r 8;E!1 i E dv

2p
e1 ihvG~r ,r 8;E1v!W~r ,r 8;v!1¯ .

For this expansion involving the electron propagatorG and
screened interactionW, the LDA G and random-phase ap
proximationW can now be used routinely to computeS.5,6

Instead of Dyson’s equation, methods such as the L
use the Kohn-Sham equation

F2
\2

2m
¹21Vext~r !1VH~r !1Vxc~r !GCnk~r !5enk

KSCnk~r !,

whereVxc is the ‘‘exchange-correlation’’ potential. The re
placementS→Vxc leads to systematic problems with inte
preting Kohn-Sham eigenvalues as quasiparticle energ
Most notably, LDA band gaps in nonmetals are too sm
compared to experiment.4–6 Also, occupied bandwidths o
simple metals~e.g., Na! are too large when computed in th
LDA,7 whereas the bandwidths of interest here tend to be
small.5~b!,5~c!,8 Fortunately, GW results agree much mor
closely with measured gaps and widths.

A typical property of a wide-gap insulator that is influ
enced by quasiparticle energies is the low-energy~band-gap
region! absorption spectrum. A key parameter of influen
the band gap, is affected by up to;5 eV depending on the
theory used.8 Much progress is made when studying optic
properties of solids by rigidly shifting the energies of a
unoccupied states to achieve the correct band gap.9 However,
9579 © 1998 The American Physical Society
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TABLE I. Information affecting pseudopotential construction and band calculations is presented. Pseudopotential information
sented for each element with the first listed material containing it. The reference electronic configuration is presented in the secon
In the third column, pseudopotential cutoff radiusr c and the parameterac are presented in ordered pairs in the sequence of states list
the reference configuration.@As a minor adaptation of the pseudopotential generation scheme,ac replaces the constant 1.5 found in Eq.~78!
of Ref. 19.# An asterisk denotes the angular-momentum channel taken as local. A dagger denotes semilocal pseudopotentials
noble-gas-like core used in pseudopotential generation is indicated in square brackets, followed by the core polarizability ands, p, andd CPP
parameters~Ref. 21!. Plane-wave cutoff energies for electron wave functions, the number of conduction bands and cutoff wave vec
the bare (G1) and screened (G2) Coulomb interaction used in the quasiparticle calculations, and the face-centered-cubic~fcc! lattice constant
are also indicated.

Pseudopotential/core-polarization
parameters

Solid Reference configuration
$~r c ~bohrs!, ac ~bohrs!!%,

@core#, CPPa ~bohrs3!, s,p,d rc ~bohr!
EPW

~Ry!

No. of
conduction
bands
used

G1,G2

~bohr21!

fcc
lattice

constant
a ~Å!

LiD Li: s0.5p0.2d0.2 ~1.1,1.5!, ~1.0,1.5!, (2.0,1.8)*
@He# 0.1907, 0.9152, 0.8446, 0.8446

100 60 10,6 7.67

D: s0 (0.2,1.5)*
no core

LiF Li: see LiD 100 60 10,6 4.020
F: s1.5p4.25d0.25 ~0.8,1.5!, ~0.8,1.5!, (1.2,1.8)*

@He# 0.0016, 0.2478, 0.2461, 0.2651
LiCl Li: see LiD 36 90 8,5 5.133

Cl: s1.5p4.5d0.5 (1.0,1.5),* ~1.0,1.5!, ~1.1,1.5!
@Ne# 0.0508, 0.4369, 0.4247, 0.5111

C60
† C: s0p0 ~0.7,1.5!, (0.7,1.5)*

@He# 0.0089, 0.4012, 0.3831
48 600 10,3 14.26

MgO Mg: s0p0d0 ~1.4,1.5! ~1.4,1.5!, (1.4,1.8)*
@Ne# 0.4777, 0.8172, 0.8715, 0.9580

81 75 8,3.9 4.212

O: s1.5p3.25d0.25 ~0.8,1.5!, ~0.8,1.5!, (1.1,1.8)*
@He# 0.0026, 0.2841, 0.2790, 0.3065

Ar Ar: s1.5p5.5d0.5 (0.95,1.5),* ~0.95,1.5!, ~1.05,1.5!
@Ne# 0.0370, 0.4011, 0.3877, 0.4683

49 95 8,5 5.260

KCl K: s2p6d0 (1.0,1.5),* ~1.0,1.5!, ~0.8,1.8!
@Ne# no core polarization considered

36 150 8,5 6.293

Cl: see LiCl
CaF2 Ca: s0p0d0 (1.7,1.5),* ~1.9,1.5!, ~1.4,1.5!

@Ar# 3.3102, 1.2400, 1.2715, 1.3370
100 90 8,5 5.464

F: see LiF
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further corrections of a band structure can include a re
tively uniform stretching of the individual band complexe
These subtler aspects are difficult to establish experim
tally, but have been definitively realized in LiF.8 Band dis-
persion strongly influences absorption features arising fr
critical points in semiconductors10 and band dispersion play
a lesser, analogous role in ionic and molecular solids. E
tonic effects relegate the underlying the band structure
being one of several relevant factors influencing the sol
properties.11

This work analyzes self-energy effects on bandwidths
LiD, LiF, LiCl, solid C60 ~fullerite!, MgO ~periclase!, Ar,
KCl ~sylvite!, and CaF2 ~fluorite!. For LiD, KCl, Ar, and
CaF2, this appears to have required carrying out the m
thorough quasiparticle calculations to date. For solids st
ied, LDA bandwidths are smaller thanGW ones and avail-
able experiment. Self-energy effects typically compre
bands, but the LDAVxc compresses them the most. Com
pression results from exchange and correlation being st
ger on atomic or molecular sites because higher-lying st
in a band tend to have more nodes between sites and s
more concentrated on the sites~a consequence of wave func
-
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tion normalization!. Below, the methods used here are p
sented, as are the results and subsequent discussion, w
address the potential relevance of this work to related top
in electronic structures.

METHODOLOGY

LDA and GW effects on bandwidths were found usin
pseudopotential, plane-wave calculations. Results for60
~Ref. 12! and LiF ~Ref. 8! were reported previously, but no
as fully regarding bandwidths. Quasiparticle energies h
also been found for LiD,13 Ar,14 and KCl,15 but LiCl @Refs.
5~b! and 5~c!# and MgO~Ref. 16! may be the only systems
previously studied in comparable detail at theGW level. Ex-
cept for C60, all results were newly recomputed. This wo
used separable17 Hamann-Schlu¨ter-Chiang18 norm-
conserving pseudopotentials with Vanderbilt cuto
functions19 and with the core-polarization-potential~CPP!
approach20 to treat core-valence interactions.21 Separable
pseudopotentials were tested as in Ref. 8. Experimental c
tal structures were assumed and 23232 or better zone
sampling22 was used to obtain self-consistent LDA char
densities. The Ceperley-Alder correlation23 parametrized by
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TABLE II. For the bands studied, bandwidths and gaps as found in the LDA,GWapproximation, and the
Hartree-Fock approximation and available measurements, as well as calculated and measurede` . Because
C60 was studied in the hypotheticalFm3 structure, no experimental numbers are provided.

Bandwidth~eV! Band gap~eV! e`

Solid, band LDA GW HF Expt.a LDA GW HF Expt.b Calc. Expt.c

LiD, D 1s 5.50 5.83 7.57 6.361.1
6.061.5

2.84 5.37 10.07 5.04 3.59 3.61

LiF, F 2p 3.12 3.61 3.31 3.5~2! 8.82 14.30 21.29 14.2~2! 1.99 1.92
LiCl, Cl 3p 2.99 3.27 3.75 5.90 9.20 14.47 9.4~1! 2.86 2.78
C60, Hu 0.66 0.89 1.06
C60, T1u 0.52 0.69 0.91 1.04 2.15 5.36
C60, T1g 0.59 0.78 1.00
MgO, O 2p 4.73 5.36 5.56 4.75 7.81 14.4 7.83 3.03 2.95
Ar, Ar 3p 1.42 1.59 1.67 8.09 13.62 17.70 14.19 1.71 1.66
KCl, Cl 3p 1.16 1.20 1.22 4.59 8.38 12.12 8.69 2.29 2.19
CaF2, F 2p 2.96 3.49 3.05 6.77 11.38 17.57 11.8 2.12 2.04

aReference 30.
bReference 31.
cReference 32.
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Perdew and Zunger24 was employed.GW calculations fol-
lowed the Hybertsen-Louie method5 using 43434 zone
sampling. All results are well converged with respect to n
merical cutoffs. Relevant numerical parameters are prese
in Table I.

Neglecting contributions from exchange and correlati
band energies exemplify the Hartree approximation, wh
leads to bandwidths that are too large. Because various
proximations treat exchange and correlation differently,
electron states’ Schro¨dinger-like equations and wave func
tions depend on the approximation. As a simplification, t
work uses LDA wave functions and expectation values
Vxc or self-energy operators to assess effects of an appr
mation on band energies. Band energies and self-energy
tributions were referenced to a band maximum and acc
panying self-energy contributions. The relative LD
exchange-correlation contribution to a band energy is

Dnk
LDA5^CnkuVxcuCnk&2^CBMuVxcuCBM&

and the analogous quasiparticle self-energy contribution

Dnk
qp5^CnkuS~enk

qp!uCnk&2^CBMuS~eBM
qp !uCBM&.

This work’s attention toS’s energy dependence is importan
As expected and confirmed, neglecting this dependence
aggerates widths by a factor.(11^]S(e)/]e&)21, where
the derivative is one typical for the band states. Such neg
greatly exaggerates differences between LDA andGW re-
sults. Analogous Hartree-Fock~HF! results are obtained us
ing

Dnk
HF5^CnkuSHFuCnk&2^CBMuSHFuCBM&.

Like the LDA andGWapproximation, the HF approximatio
usually introduces a contribution that reduces bandwidth

RESULTS AND DISCUSSION

Table II shows bandwidths and gaps and the rando
phase approximation dielectric constante` ~obtained with
the LDA G!. The trends forGWgaps ande` are noted, while
LDA widths are smaller thanGW and HF ones. Available
-
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experiment results are also given. Figure 1 demonstr
band compression in the LDA andGW approximation by
showingDnk

qp andDnk
LDA vs the LDA band energy. Results ar

shown for the highest occupied bands and the lowest
unoccupied complexes in C60. The effects on the bandwidth
of exchange and correlation are presented in Table III,
found in the LDA, theGW approximation, and the HF ap
proximation~which has exchange only!. Regarding scatter in
the results for C60, the correspondence of the LDA andGW
results in Fig. 1 suggests that this scatter is not the resu
poor numerical convergence.

Trends in bandwidths are clearly established and, beca
solids are grouped by the pertinent element in Table III, d
tinctions of the elements are also evident. Results have
been presented for graphite25 and diamond,26 for both of
which the HF approximation and the LDA respectively e
aggerate and underestimate the~occupied! valence band
width, and theGWapproximation has yielded bandwidths

FIG. 1. Relative contributions to band energiesDnk
LDA , labeled

‘‘LDA,’’ and Dnk
qp , labeled ‘‘GW,’’ vs the LDA band energy, for

the bands studied. Contributions are defined as zero for states a
valence-band maximum.
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close agreement with experiment. Many-body effects
bandwidths differ from those in the solids of interest he
including C60, because C 2s and C 2p states are respectivel
weighted most heavily at the bottom and top of the vale
bands. Influences beyond the role played by the bonding
antibonding character of the band states may therefore
arise. Exchange alone gives a substantial positive contr
tion to the bandwidth in both systems~.12 eV in graphite
and.5 eV in diamond!.

Further influences of electron-electron interactions and
brational~polaronic! corrections to band energies could al
be relevant. The effects of terms beyond theGWapproxima-

TABLE III. For the bands studied, effects on widths because
the LDA Vxc , Hartree-FockSHF, GW correlation (S2SHF), and
GW ~S!. All units are eV.

Effects on bandwidth~eV!
Solid, band Vxc SHF S2SHF S

LiD, D 1s 21.69 0.38 21.74 21.36
C60, Hu 20.63 20.23 20.17 20.40
C60, T1u 20.25 0.14 20.22 20.08
C60, T1g 20.40 0.01 20.22 20.21
MgO, O 2p 24.83 24.00 20.20 24.20
LiF, F 2p 24.46 24.27 0.30 23.97
CaF2, F 2p 24.80 24.71 0.44 24.27
LiCl, Cl 3p 22.40 21.64 20.48 22.12
KCl, Cl 3p 21.62 21.56 20.02 21.58
Ar, Ar 3p 21.82 21.57 20.08 21.65
p

.

n
,

e
vs
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tion in insulators have been considered27 and consequence
of the transfer of spectral weight from quasiparticle peaks
satellites remain to be examined. Polaronic corrections s
yet to be treated within a realistic description of solids. Hin
of the relevance of such corrections are those anticipated
conduction bands in alkali halides28 ~which could affect the
band gap! and the 0.1-eV difference in band gaps of LiH an
LiD.29 Tests show that this difference does not result fro
the different lattice constants, but, because of the smaller
in LiH, polaronic effects should move the present, froze
lattice GW gap in the right direction.

CONCLUSIONS
This work has compared the LDA andGW results for

electron bandwidths in eight ionic, noble gas, or molecu
solids. The bands considered are those derived from de
erate atomic or molecular levels, e.g., F 2p in LiF or theHu
states in C60. Both the LDA and theGW approximation in-
dicate compression of bands by exchange and correla
However, the LDA leads to the narrowest bands and, wh
detailed comparison can be made, theGW results are closer
to experiment. This occurs because exchange and correla
are strongest on atomic or molecular sites, while states a
tops of bands typically have more nodes between such s
and are therefore more concentrated on the sites. The s
larity of the LDA andGW exchange-correlation effects o
band dispersion is remarkable. Other physical effects~po-
laronic, in particular! have been noted and attention to the
would be timely.

The author acknowledges discussions with F. J. Himp
who stimulated this work.
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