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One-particle wave functions and energies from Kohn-Sham calculations with the exact local Kohn-Sham
exchange and the local density approximati€®A) correlation potentia[EXX(c)] are used as input for
quasiparticle calculations in th@ W approximation(GWA) for eight semiconductors. Quasiparticle correc-
tions to EXX(c) band gaps are small when EXg{ band gaps are close to experiment. In the case of diamond,
quasiparticle calculations are essential to remedy a 0.7 eV underestimate of the experimental band gap within
EXX(c). The accuracy of EX¥c)-based GWA calculations for the determination of band gaps is as good as the
accuracy of LDA-based GWA calculations. For the lowest valence band width a qualitatively different behav-
ior is observed for medium- and wide-gap materials. The valence band width of meglide-) gap materials
is reducediincreaseflin EXX(c) compared to the LDA. Quasiparticle corrections lead to a further reduction
(increas@ As a consequence, EX¥)-based quasiparticle calculations give valence band widths that are
generally 1-2 eV smallefargen than experiment for mediumwide-) gap materials.

[. INTRODUCTION the other handA,. is reported to be large in some cases
while it is determined to be small for others.

The description of excited states in solids is a challenging Very recently, new density functional methods have been
and important problem in condensed matter physics sincpresented in the literature whose energy gaps generally agree
excited states are needed to determine transport and optiaaluch better with experiment than those of the LIXar a
properties of materials. Until the mid-1980s, a commonlyreview see, for instance, Ref. 10N one such approach,
used way to determine, for example, band structures of mayhich has been studied in much detail for semiconductors,
terials was based on density functional theory in the Kohnall exchange-related quantities are computed exatfy.
Sham formulation using the local density approximationThis “EXX method” allows the determination of the exact
(LDA)."? This approach maps the many-body problem ontdocal Kohn-Sham exchange potential and generalizes the op-
a system of noninteracting, fictitious Kohn-Sham particlestimized effective potential methéﬁ_commonly used for
Within the original formulation of Kohn-Sham theory, the atoms—to solids. In particular, self-interaction errors due to
eigenvalues of the single-particle Kohn-Sham equations argicomplete cancellation of the self-Hartree and the self-
pure auxiliary quantities without physical meaning. Only theexchange potentials are completely eliminated in exact-
energy of the highest occupied Kohn-Sham orbital can bexchange density functional theory. Combination of exact
rigorously related to the ionization energy of electronic sys«ohn-Sham exchange with LDA or generalized gradient ap-
tems. Recent work provides evidence that Kohn-Sham eigerproximations(GGA) for correlation leads for standard semi-
value differences are well-defined approximations to excitaconductors to energy gaps and structural properties that agree
tion energies:* Indeed, Kohn-Sham band structures compareyell with experiment.
rather well with experiment. The most notable exception is  An alternative way to describe the excited states of mate-
the band gap of insulators, which is generally 0.5-2.0 eVials is provided by computational many-body theory using
smaller than experimental values. the dynamically screened @W approximation(GWA). In

The discrepancy between experimental and Kohn-Sharthe GWA, the electronic self-energy, which describes ex-
energy gaps has stimulated significant theoretical work. Pechange and correlation beyond the Hartree approximation, is
dew and Levy and Sham and Schier® pointed out that the  expressed as the product of a single-particle propagator
discontinuity in the exchange-correlation potentigl upon  and a screened interactioW (for recent reviews of the
addition of one electron to an insulator with completely filled GWA, see Refs. 10 and 15n principle, the GWA requires
valence bands accounts for the discrepancy between thRe self-consistent solution of a set of four coupled integral
single-particle Kohn-Sham band gaéfp and experiment,  equations as will be discussed in more detail below. GWA

‘s ™ oA calc_:ulations that aré) nqn-self-cqnsisten(j_i_) use LDA en-
Egap=&gapt Axc=€gap TA&gap T Axc- (1) ergies and wave functions as input, afidl) neglect the

) LDA imaginary part of the self-energy describe the experimental
While the sum of the erroAe g, of the LDA band gap electronic structure o§p bonded semiconductors and insu-
egap and the discontinuity\, is large, there is a contro- |ators generally to within 0.1-0.5 e¥.
versy about the magnitude of the individual tertis ;D2 In this work we use orbitals and eigenvalues from a self-
and A,.. According to the work of Godby, Scher, and  consistent calculation with the exact local KS exchange po-
Shanf A, is large in semiconductors. In model systems, ontential and the LDA correlation potential as input for the
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GWA calculations. This approach is evaluated here for eighKohn-Sham potentiaV/y s is the sum of the externalonic)
semiconductorgSi, Ge, C, SiC, GaAs, AlAs, GaN, and potential V,,;, the Hartree potentia,;, the exchange po-
AIN). An application of the method fad andf electrons is  tential Vy, and the correlation potentisdc :

left for a future study.

Il. METHODOLOGY Viks([p]ir) =Vexd 1) +Vu([plir) +Vx([p];r) + V([ p]; r(é)
This section summarizes important equations for both the
EXX method and the GWA approach. For further details weAll potentials are functionals of the ground state density
refer the reader to Refs. 1&xact exchangeand 10(GWA).  p(r),

A. Exact-exchange density functional theory

— 2
In the Kohn-Sham formalism of density functional theory p(l’)—Z; [P ui(P]% S
a set of single-particle Kohn-Sham equatiris solved,
2 The factor 2 accounts for spin degeneracy and the sum runs
- 7+VKS([P];r) D (1) = ®Ppi(r), (2)  over all occupied states in the first Brillouin zone. Since, the

KS potential is a functional of the density functional of the
wheren is a band indexk is a wave vector in the first density, Eqs(2) and(4) have to be solved self-consistently.
Brillouin zone, and®,, ande, are the wave function and Exact-exchange density functional calculations determine
the eigenvalue of the ficticious Kohn-Sham particle. Thethe exchange energy according to its definition as

drdr’. 5

IO D 1, (18 (1)
Exlp)=— [ [ e e
K’

r=r

N| =

v’ k

The ®,, are occupied Kohn-Sham orbitalse., in pseudo- distancesr rather than exponentially as is the case in the

potential schemes the valence Kohn-Sham orbitdl§he  LDA. The ionization energy of finite systems and the de-

exact local Kohn-Sham exchange potential is defined as scription of atomic Rydberg spectra are thus greatly im-
proved in EXXc) compared to the LDA. Significant im-

. OExp] provements in the description of, for instance, metal surfaces
Vx(lplin= Sp(r) ®) are likely, although explicit calculations have not been car-
P(1)=po(r) ried out yet.
with po(r) being the ground state electron density. Usage of
the chain rule for functional derivatives leads to B. Quasiparticle calculations
SEx[ p] A successful approximation for the determination of ex-
Vy([p]lir)= 5p(1) cited states is based on the quasiparticle concept and the
P Green function method. The behavior of the quasiparticle
Z f j ( SEx[p] 6D, (r") ) wave functionV ,, and energy . is governed by
= +c.c
vk S i(r') SVies(r") L
SVis(r") —§V2+VH+Vext)‘I’nk(r)+f 2(r, S End Wi(r)dr’
————dr’dr". (7)
op(r)

=EnWni(r). 8

In the above equation, one determin®sy /6P, from Eq.

(5), 6@,/ 6Vks is given by first-order perturbation theory, Here ¥, andE,. are the gquasiparticle wave function and

andéVgs/ dp is the inverse independent-particle polarizabil- energy, respectively.

ity [see Eq(16); G=0 terms are excluded in the inversion The central object of the Green function method is the

In most applications of exact-exchange density functionafjuasiparticle self-energy, a non-Hermitian, energy-

theory, correlation is included on the level of the LDA or dependent, nonlocal operator that describes exchange and

GGA. correlation effects beyond the Hartree approximation. A de-
Exact-exchange plus LDA or GGA correlation calcula- termination of the self-energy can only be approximate and a

tions have a number of advantages compared to standavdbrking scheme for the quantitative calculation of excitation

LDA calculations. The theory is largely self-interaction-free energies in metals, semiconductors, and insulators is the so-

which may lead to a better description of localized electroniacalled dynamically screened or GW approximation.

states than in the LDA® In addition, the exact-exchange  In principle, the GWA requires a self-consistent solution

potential decays correctly asl1/r for finite systems at large of a set of coupled integral equations that link the self-energy
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3, the Green functioi®, the irreducible polarizability?, the ~ Wherew is the frequency of the screened interactiqris a

screened interactiow, and the bare Coulomb interaction ~ Vector in the first Brillouin zone, an@ andG' are recipro-
cal lattice vectors. The frequency dependence of the RPA

3(1,2=iG(1,2W(1",2), (9 dielectric matrixe g, (0, ) is in this work approximated by
a plasmon pole mod@and itsw=0 value determined using

W(1,2)=v(1,2)+j W(1,3)P(3,4v(4,2)d(3,4), (10) the independent-particle poIarizabiIiB/gG,(q) via

P(1,2=-iG(1,2G(2,1). (12) P 4

eReN ;)= dggr — |q+—G|2PgG’(q;“’)' (15)

Here 1=(r,o,t), 1t =(r,o,t+ ), >0 and infinitesimal,

is a combined space, spin, and time vector. We neglect the
explicit spin dependence in what follows. The above set offhe |atter is given by the Adler-Wiser formalif?*
simplified Hedin equatiort$?°is closed by Dyson’s equation

(E = energy, BZ pqucC ve *
Pla(@=g > > — € . (1)
Vv v,c k

€uk—q~ €ck

G(r,r’;E)=G°(r,r’;E)+f f GOr,ry;E)

X3(r, 15 E)G(ryr;E)drydr,  (12)  WhereVis the crystal volume, the sums are over valence (
or conduction(c) bands or over the first Brillouin zone, and

consistency cycle is schematically shown in Fig. 1. Méc(li q) are defined as

In practice, the self-energy is often evaluated non-self-
consistently using the independent-particle Green function

G", ME(k,q)= f OF (e @Dy (ydr.  (17)
O (D)

E_Sn,k (13)

0 ’. —
GH(r.r 'E)_nzk With wy(q) as plasmon eigenvalues afig,,(G) as suitably

, 0 scaled coefficients of the plasmon eigenfunctiBrice ex-
in Eq. (9). HereG" can be, for example, the LDA, Hartree- change EX) and energy-dependent correlatioiC(E)]

Fock, or as in the present case, the EEXindependent- s of the self-energy can be determined® 4¢r|m,k)
particle propagator. The screened interactidin Eq. (9) is =d, (1]

determined in the random-phase approximaiiBfA), that

IS,
occ BZ

(m,k|EX|I,k)=—4v7T; %

M (k,a)[ M (k,q)]*
% lg+ G|?

) :4_77 RPA —1, ..
Wee (Q;0) |q+G|2(SGG') (0 o), (14 19

BZ occ+unocc PPM nm K, nl K. .
(m,k|2C(E)|I,k>:%% ; > Bp (k,a)[ By (k,a)]

p E_Snk7q+wp(q)59r(/~l'_8nqu) ,

(19

where the matrix elements are defined as lation potentials use the Perdew-Zunger parametriz&tion
the Ceperley-Alder quantum Monte Carlo d3ta.
All numerical cutoffs are identical in the LDA and
,BBm(k,q)=E [Mgm(k,q)]*®pq(G). (20 EXX(c) calculations. We use 10 speclapoints’® to deter-

G mine the ground state density, the dielectric matrix, and the
self-energy corrections. We use an energy cutoff of 12.5 har-
tree for Si, Ge, GaAs, and AlAs; 22.5 hartree for GaN and
AIN; 25 hartree for SiC; and 32.5 hartree for diamdRdVe

All calculations were carried out at the experimental lat-keep 196 conduction bands in the determination of the di-
tice constants. The LDA and LDA-based GWA calculationselectric matrix for all materials and a reciprocal space cutoff
use LDA Troullier-Martins pseudopotentidls in the  of 3.6 a.u.(Si, Ge, GaAs, AIA% 5.0 a.u.(GaN, AIN, SiO:
Kleinman-Bylander fornf® the EXX(c) and EXX(c)-based or 6.0 a.u.(diamond.

GWA calculations use semilocal EX¥) Troullier-Martins The energy dependence of the dielectric matrix is ap-
pseudopotentials. We have checked that the use of differeproximated by the Engel-Farid plasmon pole mddeThe
pseudopotentials does not significantly affect our relts. number of bands retained in the sum owein Eqg. (19 is
Nonlinear core correctioRdwere not used. The LDA corre- restricted to 200 for all materials except Si, for which 100

C. Technical details
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FIG. 1. Schematic representation of the self-consistent determi- 0.02 - |

nation of the self-energy in the GWA. Entries in boxes symbolize
the mathematical relations that lidk, G, I", P, andW. P, W, and> L :

are constructed, for example, starting from a LDA, Hartree-Fock, or 0.00 @t @]
EXX(c) independent-particle propagator. Subsequelypdates

the quasiparticle wave functions and energies and a new Greel
function G is determined. This process is repeated until self-
consistency is reached. Most practical applications either determine
only the quasiparticle energies self-consistently or do not update
quasiparticle energies and wave functions at all.

bands are more than adequate for good converg€ritee
reciprocal space cutoff used for the determination of the ma-
trix elements in Eq(20) is 3.4 a.u.(Si, Ge, GaAs, AlA§ or

4.5 a.u.(C, SIiC, GaN, AIN. The number of plasmon pole
bands summed over is 60 for Si, 100 for Ge, GaAs, and
AlAs, and 120 for C, SiC, GaN, and AIN. Self-energy cor- .
rections are determined in first-order perturbation theory  “ g 5 10 15
without updating the energies in the Green function. distance [bohr] distance [bohr]

Potentials [Hartree]

FIG. 2. EXX(c) (solid lineg and LDA (dashed linesvalence
ll. RESULTS densitiesupper panéland exchange potentialower panel for Si
and C along thg111) direction. In lower panel dot-dashed line
shows LDA correlation potential. Solid circles symbolize the posi-
Figures 2 and 3 show) the valence electron densities of tions of the Si and C atoms, respectively. The unit cell average of
an exact-exchange calculation with LDA correlation and ofthe exchange potentials is zero. EiXeliminates self-interaction
an LDA calculation(upper pane| and (ii) the exact ex- errors in regions of localized density such as the bonding region.
change, the LDA exchange, and the LDA correlation poten-This leads to a deeper potential in bonding regions where valence
tials along the(111) direction in representative homopolar electrons are concentrated and opens up the EXand gap com-
(Si and C, Fig. 2 and heteropolafGaAs and GaN, Fig.)3 pared to the LDA.
semiconductors. All potentials are evaluated at the EEXX
density. Using LDA densities to evaluate the LDA exchangeself-interaction errors generally lead to LDA states that are
and correlation potentials does not significantly modify theunderbound(several eV in the case af andf electrons.
shape of the potentials. Only minor quantitative changesNote that Hartree-Fock theory, which is self-interaction-free
(<10% of total potential variationcan be observed. In each for occupied states, also leads to a stronger density localiza-
case, we have chosen a medium-gap matéBishnd GaAs  tion compared to the LDA
and a wide-gap materidC and GaN. The LDA correlation Comparison of the exact-exchange and LDA exchange
potential—used in both the LDA and the EX¥  potentials in the lower panels of Figs. 2 and 3 suggests that,
calculations—is smaller by a factor of about 10 than thein a crude approximation, the potentials differ by two differ-
exchange potentials and featureless on the scale of the plo®nt constants attributed to two regions of space. In the bond-
The upper panels of Figs. 2 and 3 show that E¥X ing region—where the valence electrons are concentrated—
calculations concentrate more density in the bonding regiotthe difference between the exact-exchange potential and the
than the LDA calculations. To understand this trend, theLDA exchange potential isnegative In the interstitial
lower panels compare the exact-exchange and LDA exregion—where the conduction electrons are concentrated—
change potentials. While the qualitative features of both pothe difference igpositive Hence, one would expect that the
tentials are similar, the exact-exchange potential is deeper iponding(occupied and antibondingunoccupied LDA and
the bonding and shallower in the antibonding region than thé&XX(c) wave functions that are located predominantly in
LDA exchange potential. This behavior of the exact-one or the other region of space would be similar, i.e., have
exchange versus the LDA exchange potential is to be exeverlaps close to unity. Determination of the overlap integral
pected since(i) EXX(c) eliminates most of the self- [(®EXXO|HLPA)| for the 10 lowest states at thg X, andL
interaction errors inherent to the LDA and thus allows apoints in Si, C, GaAs, and GaN gives values that range be-
larger electron density in the bondd,) self-interaction er- tween 0.9985 and 0.9999 for Si, 0.9987 and 0.9999 for dia-
rors are larger for occupied than unoccupied states,(i#ind mond, 0.9808 and 0.9998 for GaAs, and 0.9973 and 0.9998

A. Densities and potentials
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TABLE |. Comparison of Si LDA, LDA-based GWALDA +GWA), EXX(c), EXX(c)-based GWA
(EXX+GWA), and experimenta(italic) energies at thd’, X, andL points. For ease of comparison, all
valence band tops are set to zero. The calculations use pseudopotentials and plane waves, a plasmon pole
model, and determine self-energy shifts in first-order perturbation theory. All energies are given in eV.

Method Iy, I, Iis I
Expt. —12.56),%-12.46)"° 0.00 3.34-3.36° 4.15(5)%.1,¢

-11.4,°-11.29 3.05' 4.21(2J
LDA —-11.96 0.00 2.56 3.18
LDA + GWA —11.90 0.00 3.25 3.86
EXX —-11.58 0.00 3.27 4.45
EXX + GWA -10.88 0.00 3.53 4.65

le X4v ch X4<:
Expt. -2.98-2.5(3)2 1.1391.25
-3.3(2)
LDA -7.82 —-2.87 0.66 9.99
LDA + GWA —-7.90 —-2.96 1.31 10.72
EXX —7.47 —-2.61 1.51 11.14
EXX + GWA -7.29 —-2.84 1.44 11.73
Léy le Léu LlC LBC Léc
Expt. —9.3(4¢ —-6.8(2)2 -1.2(2)° 2.06(3)" 3.9(1)°
—6.4(4¥ -15 2.40(15%  4.15(10%

LDA -9.62 —7.00 -1.21 1.46 336 7.55
LDA + GWA —-9.65 -7.13 -1.25 213 413  8.23
EXX -9.29 —6.56 -1.08 2.36 399 891
EXX + GWA —8.86 —-6.62 -1.19 2.48 431 859

8Reference 34.

IReference 50.

PReference 35.
‘Reference 43.
dReference 44.
®Reference 45.
fReference 46.
9Reference 47.
"Reference 48.
iReference 49.

kReference 51.

'Reference 52.

"Reference 53; gap &
"Estimated from Fig. 1 of Ref. 54.
%Estimated from Fig. 1 of Ref. 55.
PReference 36.

9Reference 37.

for GaN. The corresponding shifts of the EXX eigenval- ing from physically more meaningful KS band structures.
ues lead to EXXc) band gaps that are larger than their LDA Note that the eight semiconductors chosen represent systems
counterparts. The band gap increase is discussed in detail, fisr which the LDA-based GWA approach works well and are

instance, in Ref. 11 and can also be inferred from Tablesherefore a challenging test for EX&-based GWA calcula-
I-IX and Fig. 4. tions.

B. Electronic structure 1. Medium-gap semiconductors

Table IX and Fig. 4 show that EX(X)-based GWA cal- This subsection compares LDA, LDA-based GWA,
culations yield fundamental band gaps that are in very goo&XX(c), and EXXc)-based GWA results for the band struc-
agreement with experiment for all semiconductors studiedures of Si, Ge, GaAs, and AlAs with experiment. Among
here. While quasiparticle corrections for semiconductorghese four elements Si is special in the sense that core-
whose EXXc) band gap is already close to experiment arerelaxation and scalar- and fully relativistic effects decrease
small, the quasiparticle correction is significa@t8 eV) for ~ the LDA band gap by only 0.1 eV compared to a total re-
diamond and necessary to obtain good agreement betweelction of about 1 eV in Ge and 0.9 eV in Ga¥sThis
theory and experiment. The accuracy of LDA-based quasiindicates that the physics of the Si band structure is not com-
particle calculations is comparable to the accuracy oplicated by relaxation and relativistic effects, which means
EXX(c)-based quasiparticle calculations. This suggests thahat Si is a simple test case for theoretical calculations. For
EXX(c)-based GWA calculations are an alternative to LDA-the same reason, performance assessment of a new technique
based GWA calculations which have the advantage of stareannot be limited to a calculation of Si alone.
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TABLE Il. Ge energies at high-symmetry points. Notation is the same as in Table I. All energies are in

ev.
Method Iy, I, ' s
Expt.? -12.6-12.92f  0.00  0.90,0.89 3.25(1),3.006,

3.206°
LDA —-12.74 0.00 —0.05 2.59
LDA + GWA —12.59 0.00 0.48 3.10
EXX —12.46 0.00 1.25 3.01
EXX + GWA —-11.51 0.00 1.51 3.59

xlv X4v ch X3C
Expt.2 -9.3(2f —-3.15(20)  1.3(2)
—-3.5(2f
LDA -8.88 -3.02 0.70 9.50
LDA + GWA -8.87 -3.08 1.15 10.04
EXX -8.56 —-2.99 1.34 10.41
EXX + GWA -8.12 -3.08 1.30 11.19
Lév Llu LC/’,U Llc L3c Léc

Expt.2 —10.6(5) -7.72) -1.403) 0.744 4.3(2),4.2(1) 7.8(6),7.9(1Y
LDA —10.67 —-7.57 —-1.37 0.12 3.77 7.07
LDA + GWA —10.60 ~-7.63 —-1.39 0.61 4.30 7.56
EXX -10.37 -7.29 -1.36 0.99 4.22 7.96
EXX + GWA -9.67 ~7.09 —-1.41 1.12 457 7.79

8Reference 56 unless otherwise noted.
bReference 49.
‘Reference 57.
dreference 51.

Results for SiAs shown in Table I, the LDA, LDA-based 1/2) of the difference between the EX® and LDA band
GWA, EXX(c), and EXXc)-based GWA Si valence band structures. In contrast to LDA-based GWA calculations,
structures all fall within the range of observed experimentaEXX(c)-based GWA calculations give quasiparticle correc-
values. This agreement results from the large experimentdions that can be positive or negative. Also, these quasipar-
uncertainties. Take th,, state as an example. Early experi- ticle corrections show a strong state- and wave-vector-
ments determine its location at12.5+0.6 eV (Ref. 39 and  dependent dispersioffor example, the correction fok
—12.4+0.6 eV (Ref. 35, whereas more recent work finds a equals —0.32 eV and forX,. 0.59 e\j rather than the
value of —11.4 eV (Ref. 39 and —11.2 eV (Ref. 3. The  “scissors-shift” behavior of LDA-based GWA calculations.
range of possible experimental values is about 2 eV or 15-Note that EXXc)- and LDA-based quasiparticle calculations
20 % of the valence band width Bt Note that the accuracy give energies that agree to within 0.1-0.4 eV for all conduc-
of the commonly quoted experimental value of 126 eV  tion states with the exception @f,, (0.8 eV) and X, (1.0
has been questioned recentfy’® ev).

Comparison of the LDA and EX¥) valence band ener- Results for Ge, GaAs, and AlA&gable Il shows that in the
gies shows that EX¥) valence band widths are 0.1-0.4 eV case of Ge, discrepancies exist between E¥¥ased GWA
smaller than their LDA counterparts. The addition of dy- calculations and experiment. In particular, the lowest valence
namical, nonlocal, and local field effects in the form of band atl’, X, andL seems to be about 1 eV too high in
EXX(c)-based GWA calculations further decreases the vaenergy. Part of this discrepancy may be due to experimental
lence band width by 0.2 to 0.7 eV. In contrast to LDA-baseduncertainties as discussed in the case of Si and further ex-
GWA calculations, the self-energy corrections to the lowestperimental work may be necessary to clarify this point. Also,
lying valence band are substantial. the lowest conduction band Et(L) is about 0.60.4) eV too

For the higher-lyingp-derived valence bands, the sign of high in energy. This discrepancy results from the neglect of
the quasiparticle correction becomes negative. Againgore polarization and relaxation effects in the present work.
EXX(c) p band widths are 0.1-0.4 eV smaller than their Shirley et al*° showed that these effects shift gaps in Ge by
LDA counterparts. But in this case quasiparticle correctionsabout 0.3 eV for LDA-based GWA calculations. Note that
increase the width of the EXX) p bands by about 0.1-0.2 inclusion of spin-orbit effects in the theoretical data would
ev. further reduce the calculated band gaps by about 0.1 eV.

For the Si conduction bands, the quasiparticle corrections As in the case of Si, the valence band width is smaller in
to the EXX(c) band structure are generally a fractidil0—  EXX(c) compared to LDA and the difference is increased
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still more by quasiparticle corrections. Exactly the same ob-
servation holds for the GaAs and AlAs valence bands. Also,
the conduction band quasiparticle corrections are qualita-
tively similar in Si, Ge, GaAs, and AlAs. We will therefore
not discuss GaAs and AlAs in detail and limit ourselves to
summarizing the results in Tables Ill and IV. To compare the
GaAs and AlAs EXXc)-based GWA calculations with ex-
periment, note that core polarization and relaxation effects—
omitted in the present study—affect low-lying conduction
bands in GaAgAIAs) by about 0.4(0.2) eV (see Ref. 4D

The fact that the valence band width is smaller in EXX
than in LDA calculations is surprising at first sight. For ex-
ample, in GaAs one would expect that the valence band
minimum—which is predominantly catioglike and more
localized than the-like valence band maximum—would be
lowered with respect to the valence band maximum due to
the elimination of self-interaction in EX() compared to
LDA.?® This offset would produce a larger rather than a
smaller bandwidth. However, the dominant factor seems to
be a stronger electronic density localization in EX)Xcom-
pared to LDA calculations, leading to an overall bandwidth
narrowing.

2. Wide-gap semiconductors

The results for the band structures of the wide-gap mate-
rials C, SiC, GaN, and AIN are summarized in Tables V—IX
and Fig. 4. Most of the qualitative points discussed for
medium-gap semiconductors also apply for wide-gap semi-

FIG. 3. Same as in Fig. 2 but for the heteropolar semiconductorgonductors. The main qualitative difference between the

GaAs(medium gapand GaN(wide gap. The filled circle symbol-

izes the catiolGa), the filled diamond the anioAs or N).

wide-gap and medium-gap materials is the fact that the va-
lence band width is generally larger in EX{ than in the

TABLE Ill. GaAs energies at high-symmetry points. Same notation as in Table I. All energies are given
in eV. Spin-orbit splitting is neglected in the experimental data. Most of the experimental data are at room

temperature.
Method ry, I's, I Iis
Expt.2 -13.21 0.00 1.52 4.61
LDA —-12.62 0.00 0.47 3.80
LDA + GWA —12.46 0.00 1.16 4.47
EXX -12.33 0.00 1.82 4.37
EXX + GWA —-11.26 0.00 1.90 4.76
le X3v X5U ch X3C XSC
Expt.2 -10.86 -6.81 -2.91 1.90 2.47
LDA -10.29 -6.78 —-2.57 1.42 1.62 10.19
LDA + GWA -10.12 —-6.98 —2.68 2.00 2.24 10.93
EXX -10.02 -6.29 —2.48 2.15 2.31 11.20
EXX + GWA -9.17 -6.36 —-2.63 2.06 2.42 11.95
le le L3u Llc L3c Llc
Expt.2 -11.35 -6.81 -1.41 1.74 5.4% 8.6°
LDA -11.01 —6.56 —-1.09 0.97 4.68 7.74
LDA + GWA —-10.84 -6.74 -1.12 1.62 5.38 8.40
EXX -10.72 -6.16 -1.04 1.94 5.19 8.71
EXX + GWA -9.81 —-6.24 -1.11 2.05 5.58 8.61

8Reference 58 unless noted otherwise.
bReference 44.
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TABLE IV. AlAs energies at high-symmetry points. Same notation as in Table I. All energies are in eV.

Expt.2 0.00,-0.27 3.13
LDA —11.89 0.00 1.87 4.22
LDA + GWA —-11.51 0.00 2.74 5.06 9.43 10.04
EXX —11.53 0.00 3.20 4.90
EXX + GWA —10.47 0.00 3.42 5.39
le X3u X5U ch X3c X5c
Expt.2 —2.41 2.23
LDA —-9.92 —5.45 —2.18 1.32 2.17 10.19
LDA + GWA —-9.67 —5.55 —2.27 2.16 3.04 10.98
EXX —9.59 —5.06 —-2.02 2.26 2.93 11.38
EXX + GWA —-8.72 —5.30 —-2.23 2.26 3.23 12.05
L1, Ly, Ls, Lic Lic Lac
Expt.2 Ep, —3.92 2.38
LDA —10.47 —5.60 —-0.83 2.00 4.62 7.59
LDA + GWA —10.19 —5.69 —-0.87 2.84 5.52 8.46
EXX —10.14 —5.19 —0.76 2.99 5.27 8.82
EXX + GWA —-9.22 —5.46 —-0.85 3.27 5.75 8.87

8Reference 56 unless otherwise noted.
bReference 59.

LDA for the former. Quasiparticle corrections to the EXX  culations is generally to within 0.1-0.7 eV. Occasionally,

band structure lower the energy of the lowest valence bantbw- or high-energy states show differences of 1.0 eV or

even further. As a consequence, the theoretical bandwidth imore. Note that differences in various LDA-based GWA cal-

about 1-2 eV larger than experiment. culations for wide-gap materials can also be as large as about
Agreement between LDA- and EX¥)-based GWA cal- 1 eV

TABLE V. Diamond(C) energies at high-symmetry points. Same notation as in Table I. All energies are

in eV.
Method ry, I, s I
Expt.2 —24.2+1,-21(1) 0.00 7.3 15.3(5)
-23.02)°

LDA —21.35 0.00 5.58 13.10
LDA + GWA —22.88 0.00 7.63 14.54
EXX —21.51 0.00 6.28 13.96
EXX + GWA —22.01 0.00 7.74 15.11

le X4v XlC X4C
LDA —-12.61 —6.26 4.63 16.91
LDA + GWA —13.80 —-6.69 6.30 19.50
EXX —12.76 -6.17 5.43 18.10
EXX + GWA —-13.39 —-6.52 6.21 20.42

le le L3u Llc Llc L3c
Expt.2 —15.2(3% —12.8(3% 20+1.5
LDA —15.51 —13.33 —2.78 8.39 8.76 15.67
LDA + GWA —16.95 —14.27 —2.98 10.63 10.23 18.14
EXX —15.81 —-13.14 —2.74 9.17 9.32 17.04
EXX + GWA —16.45 —13.75 —-291 10.77 10.40 18.41

8Reference 56 unless noted otherwise.
bReference 60.
‘Reference 61.
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TABLE VI. Cubic SiC energies at high-symmetry points. Same notation as in Table I. All energies are
given in eV. Experimental energies are deduced from the following transitions of Ref. 58 unless noted
otherwise: X3.-X1.=3.10 eV, L3,-X.=3.55 eV, X5,-X1.=6.0 eV, Xz,-X3.=8.3 eV, L3,-L3.=9.7 eV,
Ls,-L1c=7.5 eV(from Ref. 62, I'y5. = 7.75 eV, andX,. = 2.39 eV.

Method ry, I'is, T Tise
Expt.? 0.00 7.4° 7.75
LDA —-15.34 0.00 6.21 7.16
LDA + GWA —-16.08 0.00 7.19 8.18
EXX —-15.23 0.00 7.36 8.11
EXX + GWA —15.24 0.00 7.65 8.68
le x3v X5U ch X3C XSC
Expt.2 —3.4 2.39, 2.417 5.2(3)
LDA -10.22 -7.82 -3.20 1.31 4.16 13.78
LDA + GWA —-10.96 —-8.44 -3.53 2.19 5.23 15.23
EXX —-10.48 -7.41 -3.02 2.50 5.08 15.35
EXX + GWA —10.65 -8.01 —-3.44 2.32 5.46 16.34
le le L3v Llc L3c Llc
Expt.2 -1.15 6.35 8.55
LDA -11.71 —-8.56 —-1.06 5.33 7.12 9.90
LDA + GWA —12.46 -9.19 -1.21 6.30 8.25 11.32
EXX —11.85 -8.07 -1.01 6.30 8.07 11.45
EXX + GWA —-11.99 -8.77 -1.17 6.69 8.59 11.97

8Reference 58 unless otherwise noted.
bReference 62.
‘Reference 63.

TABLE VII. GaN energies at high-symmetry points. Same notation as in Table I. All energies are in eV.
Reference 67 givek;,-L,.=7.03 eV but does not determine the position of these levels with respect to the
valence band maximum.

Expt. —12.52 0.0 3.2°3.3¢
LDA —-15.5 0.0 2.0 10.5
LDA + GWA -16.7 0.0 3.1 12.0
EXX —15.64 0.00 3.49 11.80
EXX + GWA —16.05 0.00 3.44 12.45
Xlu X3v X5v ch X3c XSC
Expt. -11.85% -6.12 -2.02 5.63¢
LDA —12.4 -6.1 -2.4 33 6.7 11.9
LDA + GWA —13.5 -6.8 -2.7 4.4 8.1 14.0
EXX -12.92 —-5.53 -2.35 4.95 8.05 13.31
EXX + GWA -13.27 -6.35 -2.71 4.54 8.50 14.68
le le L3U Llc Llc L3c
LDA —13.2 -6.8 -0.8 4.8 8.9 10.5
LDA + GWA -14.3 -7.6 -0.9 6.1 10.8 11.9
EXX —13.59 -6.23 -0.84 6.24 10.52 11.79
EXX + GWA —-13.97 -7.17 -0.94 6.48 11.48 12.30

%Reference 64.
bReference 65.
‘Reference 66.
dreference 67.
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TABLE VIII. AIN energies at high-symmetry points. Same no- 6 Co/
tation as in Table I. All energies are in eV. The experimental gap is A LDA //
5.11 eV(Ref. 63. s LDA+GWA /

0 EXX(c) ANg o
MethOd Flv Fla) Flc rlsc ; L EXX(C)+GWA ///
/
LDA -151 0.0 42 123 =4 Vi &
LDA + GWA —170 00 60 146 g Gan s
EXX —14.85 0.00 5.66 13.57 g //A’ A
EXX + GWA -15.32 0.00 598 14.63 2 Sic/
8 AlAs o/
= A
X1y X3y Xsy Xie X Xge 32 GSA;/ A
8 Sig //
LDA -123 —-50 -—-18 3.2 8.4 14.1 )44 AA
LDA + GWA -143 -56 -21 49 105 173 Ge8,” *
EXX —-12.45 —4.46 -163 503 969 15.40 S B
EXX + GWA —-12.83 —-5.29 —-2.01 489 1044 17.41 0 / . ‘
0o 2 4 6
Ly, L1, La, Lic Lac Lac Experimental band gaps (eV)
LDA ~129 -60 -05 73 100 110 FIG. 4. Calculated fundamental band gaps in LXAangle,

DA + GWA —149 -67 -06 93 126 132 LDA-based G_WA(f_iIIed t_riangle, E_XX(c) _(circle), _and EXX(c)_-
based GWA(filled circle) in comparison with experiment for eight

EXX —13.02 =524 —0.46 859 1157 1230 gemjiconductors. The dashed line indicates perfect agreement be-

EXX + GWA —-13.44 -6.29 —-0.55 9.23 1271 13.13 tween theory and experiment. EX-based GWA calculations are

as accurate as LDA-based GWA calculations, lead to only small

corrections for materials whose EX& band gap is close to experi-

IV. CONCLUSION ment, and are essential to obtain agreement between theory and

level, experiment in the case of diamond.

On the exact-exchange-plus-LDA-correlation

Kohn-Sham band structures alone give a good description {ygrogen, Ne, and Ar. These materials are currently being
the electronic structure of thep bonded semiconductors Si, stydied* and they have EX¥) band gaps that are smaller
Ge, GaAs, AlAS, SiC, GaN, and AIN. E)((X)-based GWA than experiment by a few eV.

calculations for these systems lead to little changes in the The valence band width of medium-gap semiconductors
fundamental band gaps and thus preserve the good agreie-generally 1-2 eV too small compared to experiment while
ment of theoretical and experimental data. The good agreehe corresponding quantity for wide-gap semiconductors is
ment of EXX(c)-based GWA calculations with experiment 1-2 eV too large. While this discrepancy is in part caused by
and with LDA-based GWA calculations shows that EX large experimental uncertainties for low-lying valence states,
wave functions and energies are good zeroth-order approxit may also be caused by the choice of LDA correlation in
mations for quasiparticle wave functions and energies. the EXX(c) calculations.

While quasiparticle corrections are small for all materials ~ Since EXXc) density functional calculations have only
with EXX(c) band gaps close to experiment, they are subsmall self-interaction errors they potentially offer a better
stantial (about 1 eV for diamond. For diamond, a 0.7 ev Single-particle basis than the LDA for quasiparticle calcula-
discrepancy between the EX§ band gap and experiment is tions ofd andf electron systems. In particular, an E¥X
eliminated within EXXc)-based GWA calculations. Note basis should lead to good agreement between standard, non-

also that quasiparticle corrections are expected to be substaf€l-consistent quasiparticle calculations and experiment for

tial and to lead to good agreement with experiment for soli he energy eigenvalues of Ioc_ahzed and delocalized _elec-
rons. Starting from a LDA basis, two separate calculations

are required to describe, for instance, the electronic structure

TABLE IX. Summary table: calculated and experimental funda- a2 . -
mental band gaps for eight semiconductors and insulators. All en(-)f ((j:dS. I? non-_St;JIf-itonsl,IStlertl_t ca;cuI?t:IOT f(?(r thpi ba?dAgap
ergies are in eV. For Si, the numbers refer to Ih¥ gap. and a seti-consistent caicufation Tor toeesiectron 1evel.

study ofd and f electron systems within the EX¥) and
EXX(C) GWA approach will be the subject of future work.

Material LDA LDA + GWA EXX EXX + GWA Experiment
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