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Electron bandwidths in LiD, LiF, LiCl, solid g, MgO, KCI, Ar, and Cak, evaluated in the local-density
approximation(LDA) and Hedin'sGW approximation, are noted. Bandwidths are underestimated by the LDA
as compared tG&Wresults 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 [$@563-18208)03036-1

INTRODUCTION i which includes only the lowest-order term in an expansion
To understand or predict optical properties and other chaft the electron self-energy operator

acteristics of solids involving electron excitations, a descrip-

tion of the electron band states is often required. The local- do

density approximation (LDA) and its gradient-corrected E(H’;E)Hf 7 e "G(r,r";E+ o)W(r,r'; o)+
extensions provide a useful theoretical framework for treat- m

ing such states. Structural relaxation of solids can be carriegor this expansion involving the electron propaga®and

out with ~1% accuracy using self-consistent LDA or screened interactiolV, the LDA G and random-phase ap-
gradient-corrected calculations. However, LDA band strucproximationW can now be used routinely to compLEeS'G
tures need corrections to account more accurately for ex- |nstead of Dyson’s equation, methods such as the LDA
change and correlatigself-energy effects on band energies use the Kohn-Sham equation

if the energies are to be used in conjunction with LDA wave
functions to describe electron excitations. This work feature h? ) Ks
a survey of self-energy effects on bandwidths in ionic, nobIeSL— om VT Ve Vu(0) + V(1) [V ii(1) = €nidW k().
gas, and molecular solids. That is, a band considered is on

derived from a complex of degenerate atomic or moleculawhereV,. is the “exchange-correlation” potential. The re-
orbitals, such as F 2 in LiF or the highest occupiedi placements —V, leads to systematic problems with inter-

The

states in Gp. preting Kohn-Sham eigenvalues as quasiparticle energies.

To improve LDA band energies, quasiparticle calcula-Most notably, LDA band gaps in nonmetals are too small
tions are often don&.® For a state in bana with crystal compared to experimeft® Also, occupied bandwidths of

momentumk, the Dyson equation may be written simple metalde.g., Na are too large when computed in the
LDA,” whereas the bandwidths of interest here tend to be too
[— {/2/(2mM) V24 V(1) + Vi (1) TV (1) small®®:598 Eortunately, GW results agree much more
closely with measured gaps and widths.
, . N A typical property of a wide-gap insulator that is influ-
3 ap — £ap
+J dr X (r,r " €l Wink(1') = ek W ni(r).- enced by quasiparticle energies is the low-endlnd-gap

region absorption spectrum. A key parameter of influence,
VextandVy are the external potentigbf nuclei or ion cores  the band gap, is affected by up te5 eV depending on the
and Hartree potentiab, is the self-energy operator, att,, theory used.Much progress is made when studying optical
ande are the quasiparticle wave function and energy. Mosproperties of solids by rigidly shifting the energies of all
quasiparticle calculations use Hedin@W approximatiort  unoccupied states to achieve the correct band ghmwever,
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TABLE I. Information affecting pseudopotential construction and band calculations is presented. Pseudopotential information is pre-
sented for each element with the first listed material containing it. The reference electronic configuration is presented in the second column.
In the third column, pseudopotential cutoff radiysand the parametex, are presented in ordered pairs in the sequence of states listed in
the reference configuratiopAs a minor adaptation of the pseudopotential generation schegmeplaces the constant 1.5 found in Ed.)
of Ref. 19] An asterisk denotes the angular-momentum channel taken as local. A dagger denotes semilocal pseudopotentials used. The
noble-gas-like core used in pseudopotential generation is indicated in square brackets, followed by the core polarizabpiteraad CPP
parametergRef. 2]). Plane-wave cutoff energies for electron wave functions, the number of conduction bands and cutoff wave vectors for
the bare ;) and screenedd,) Coulomb interaction used in the quasiparticle calculations, and the face-centere¢far)battice constant
are also indicated.

Pseudopotential/core-polarization

parameters
No. of fcc
conduction lattice
{(r; (bohrg, a; (bohrg)}, Epw bands G.,G, constant
Solid Reference configuration [core], CPP«a (bohrs), s,p,d r. (bohn (Ry) used (bohr 1) a A
LiD Li: s%%p%2%d02 (1.1,1.5, (1.0,1.5, (2.0,1.8) 100 60 10,6 7.67
[He] 0.1907, 0.9152, 0.8446, 0.8446
D: s° (0.2,1.5)
no core
LiF Li: see LiD 100 60 10,6 4.020
F: s'5p42%025 (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: s'5p*°d05 (1.0,1.5)* (1.0,1.5, (1.1,1.5
[Ne] 0.0508, 0.4369, 0.4247, 0.5111
Ceo' C: s°%p° (0.7,1.9, (0.7,1.5) 48 600 10,3 14.26
[He] 0.0089, 0.4012, 0.3831
MgO Mg: s%p°d° (1.4,1.5 (1.4,1.5, (1.4,1.8} 81 75 8,3.9 4.212
[Ne] 0.4777, 0.8172, 0.8715, 0.9580
0: s1%p32%0-2° (0.8,1.5, (0.8,1.5, (1.1,1.8)
[He] 0.0026, 0.2841, 0.2790, 0.3065
Ar Ar: st5p55d05 (0.95,1.5)* (0.95,1.5, (1.05,1.5 49 95 8,5 5.260
[Ne] 0.0370, 0.4011, 0.3877, 0.4683
KCl K: s?p®d° (1.0,1.5)* (1.0,1.5, (0.8,1.8 36 150 8,5 6.293
[Ne] no core polarization considered
Cl: see LiCl
Cak, Ca:s’p%d® (1.7,1.5)* (1.9,1.5, (1.4,1.9 100 90 8,5 5.464
[Ar] 3.3102, 1.2400, 1.2715, 1.3370
F: see LiF

further corrections of a band structure can include a relation normalization. Below, the methods used here are pre-

tively uniform stretching of the individual band complexes. sented, as are the results and subsequent discussion, which

These subtler aspects are difficult to establish experimeraddress the potential relevance of this work to related topics

tally, but have been definitively realized in L¥Band dis-  in electronic structures.

persion strongly influences absorption features arising from METHODOLOGY

critical points in semiconductot$and band dispersion plays

a lesser, analogous role in ionic and molecular solids. Exci- LDA and GW effects on bandwidths were found using

tonic effects relegate the underlying the band structure t@seudopotential, plane-wave calculations. Results fgg C

being one of several relevant factors influencing the solids{Ref. 12 and LiF (Ref. 8§ were reported previously, but not

propertiest as fully regarding bandwidths. Quasiparticle energies have
This work analyzes self-energy effects on bandwidths iralso been found for LiD3 Ar,** and KCI® but LiCl [Refs.

LiD, LiF, LiCl, solid Cgq (fullerite), MgO (periclase, Ar, 5(b) and Fc)] and MgO(Ref. 16 may be the only systems

KCI (sylvite), and Cak (fluorite). For LiD, KCI, Ar, and  previously studied in comparable detail at tB&/level. Ex-

Cak, this appears to have required carrying out the mostept for G, all results were newly recomputed. This work

thorough quasiparticle calculations to date. For solids studused  separablé  Hamann-Schiter-Chiang®  norm-

ied, LDA bandwidths are smaller th&a®W ones and avail- conserving pseudopotentials with Vanderbilt cutoff

able experiment. Self-energy effects typically compresdunctions® and with the core-polarization-potenti&CPP

bands, but the LDAV,. compresses them the most. Com- approack’ to treat core-valence interactiofis.Separable

pression results from exchange and correlation being strorpseudopotentials were tested as in Ref. 8. Experimental crys-

ger on atomic or molecular sites because higher-lying statesl structures were assumed ank2x2 or better zone

in a band tend to have more nodes between sites and so aampling? was used to obtain self-consistent LDA charge

more concentrated on the sit@sconsequence of wave func- densities. The Ceperley-Alder correlattdparametrized by
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TABLE Il. For the bands studied, bandwidths and gaps as found in the @¥&approximation, and the
Hartree-Fock approximation and available measurements, as well as calculated and meas@ecause
Ceo Was studied in the hypotheticBIm3 structure, no experimental numbers are provided.

Bandwidth(eV) Band gap(eV) €
Solid, band LDA GW HF Expt?  LDA GwW HF Expt® Calc. Expt

LiD, D 1s 550 583 757 6311 284 5.37 10.07 5.04 3.59 3.61

6.0+15

LiF, F 2p 312 361 331 3®) 8.82 1430 21.29 14(2) 199  1.92
LiCl, CI3p 299 327 3.75 590 920 1447 @4 286 278
Ceor Hy 066 089 1.06

Ceor T1u 052 069 091 1.04 215 536

Coo T1g 059 078 1.00

MgO,02p 473 536 556 475 781 144 7.83 303 295
Ar, Ar 3p 142 159 167 8.09 1362 17.70 1419 171 1.66
KCl,Cl3p 116 120 1.22 459 838 1212 869 229 219
CaR, F2p 296 349 3.05 6.77 11.38 1757 118 212 2.04

%Reference 30.
bReference 31.
‘Reference 32.

Perdew and Zungé& was employedGW calculations fol-  experiment results are also given. Figure 1 demonstrates
lowed the Hybertsen-Louie methbdising 4<4x4 zone band compression in the LDA an@W approximation by
sampling. All results are well converged with respect to nu-showingA p andA,';EA vs the LDA band energy. Results are
merical cutoffs. Relevant numerical parameters are presentaghown for the highest occupied bands and the lowest two
in Table 1. unoccupied complexes ingg The effects on the bandwidths

Neglecting contributions from exchange and correlationof exchange and correlation are presented in Table Ill, as
band energies exemplify the Hartree approximation, whictfound in the LDA, theGW approximation, and the HF ap-
leads to bandwidths that are too large. Because various aproximation(which has exchange onlyRegarding scatter in
proximations treat exchange and correlation differently, thahe results for G, the correspondence of the LDA a@V
electron states’ Schdinger-like equations and wave func- results in Fig. 1 suggests that this scatter is not the result of
tions depend on the approximation. As a simplification, thispoor numerical convergence.
work uses LDA wave functions and expectation values of Trends in bandwidths are clearly established and, because
V,. or self-energy operators to assess effects of an approxsolids are grouped by the pertinent element in Table Ill, dis-
mation on band energies. Band energies and self-energy cofinctions of the elements are also evident. Results have also
tributions were referenced to a band maximum and accombeen presented for graptiteand diamond® for both of
panying self-energy contributions. The relative LDA which the HF approximation and the LDA respectively ex-
exchange-correlation contribution to a band energy is aggerate and underestimate tfk@ccupied valence band

LDA width, and theGW approximation has yielded bandwidths in
Ak :<q,nk|vxc|q’nk>_<\IIBM|VXC|‘I,BM>

and the analogous quasiparticle self-energy contribution is
AﬂE:<\Pnk|2(€ﬁﬁ)|wnk>_<\I’BM|E(6%R/I)|‘PBM>'

This work’s attention t&'s energy dependence is important.
As expected and confirmed, neglecting this dependence ex:
aggerates widths by a facter(1+ (93 (€)/de)) 1, where

the derivative is one typical for the band states. Such neglect
greatly exaggerates differences between LDA &\ re-

sults. Analogous Hartree-FockF) results are obtained us-

Relative
I ng Self-energy
Effect, eV

ARE= (W SR ) — (WS Wgy).

Like the LDA andGW approximation, the HF approximation
usually introduces a contribution that reduces bandwidths.

RESULTS AND DISCUSSION

LDA Band Energy (eV)

Table Il shows bandwidths and gaps and the random- F|G. 1. Relative contributions to band energies$” , labeled
phase approximation dielectric constant (obtained with  “LDA” and A%, labeled “GW,” vs the LDA band energy, for
the LDA G). The trends foGWgaps anc,, are noted, while  the bands studied. Contributions are defined as zero for states at the
LDA widths are smaller thartsW and HF ones. Available valence-band maximum.
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TABLE IIl. For the bands studied, effects on widths because oftion in insulators have been considetednd consequences

the LDA V,., Hartree-Focks"", GW correlation & —3"F), and
GW (). All units are eV.

Effects on bandwidtlieV)

Solid, band Vye 3 HF PE s,

LiD, D 1s -1.69 0.38 —-1.74 —-1.36
Ceo Hy ~0.63  —0.23 -0.17 ~0.40
Coor T1u -0.25 014  -022  —0.08
Ceo Tig —0.40 001  —0.22 -0.21
MgO, O 2p —4.83 —-4.00 -0.20 —-4.20
LiF, F 2p —4.46 —4.27 0.30 —3.97
Cah, F 2p 480 -471 0.44  —427
LiCl, CI 3p —-2.40 —-1.64 —-0.48 —-2.12
KCI, Cl 3p —-1.62 —-1.56 —-0.02 —1.58
Ar, Ar 3p —-1.82 —1.57 —0.08 —1.65

of the transfer of spectral weight from quasiparticle peaks to
satellites remain to be examined. Polaronic corrections seem
yet to be treated within a realistic description of solids. Hints
of the relevance of such corrections are those anticipated for
conduction bands in alkali halid®s(which could affect the
band gapand the 0.1-eV difference in band gaps of LiH and
LiD.?° Tests show that this difference does not result from
the different lattice constants, but, because of the smaller gap
in LiH, polaronic effects should move the present, frozen-
lattice GW gap in the right direction.

CONCLUSIONS
This work has compared the LDA am@W results for

electron bandwidths in eight ionic, noble gas, or molecular
solids. The bands considered are those derived from degen-
erate atomic or molecular levels, e.g., p ih LiF or theH,,
states in G, Both the LDA and theGW approximation in-
dicate compression of bands by exchange and correlation.

close agreement with experiment. Many-body effects orHowever, the LDA leads to the narrowest bands and, where
bandwidths differ from those in the solids of interest here,detailed comparison can be made, @/ results are closer

including Gso, because C2and C 2 states are respectively to experiment. This occurs because exchange and correlation
weighted most heavily at the bottom and top of the valenceare strongest on atomic or molecular sites, while states at the
bands. Influences beyond the role played by the bonding vps of bands typically have more nodes between such sites
antibonding character of the band states may therefore alsnd are therefore more concentrated on the sites. The simi-
arise. Exchange alone gives a substantial positive contribdarity of the LDA and GW exchange-correlation effects on

tion to the bandwidth in both systenis-12 eV in graphite
and=5 eV in diamond.

band dispersion is remarkable. Other physical effépts
laronic, in particular have been noted and attention to them

Further influences of electron-electron interactions and viwould be timely.

brational(polaronig corrections to band energies could also

be relevant. The effects of terms beyond @i/ approxima-
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