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The recently developed GW approximatic@WA) based on the all-electron full-potential projector aug-
mented wave method is used to study the local-fi&lf) and electron-hole excitation effects in the optical
properties of small-, medium-, and large-band-gap semiconductors: Si, InP, AlAs, GaAs, and diamond. It is
found that while the use of the GWA energies instead of local-density approximafioh) eigenvalues has
a tendency to align the calculated structures in the optical spectra with their experimental counterparts, the LF
effects do not change these peak positions but systematically reduce the intensities of the $6.cailed,
structures in all the optical spectra. Taking into account the electron-hole interaction, shifts the theoretical
oscillator strength towards lower photon energies and thereby improves considerably the comparison with
experiment. It is also shown that the LDA static dielectric constant, a ground-state property, is considerably
improved when the LF effects are included. On the other hand, as expected, the static dielectric function
obtained using the GW quasiparticle energies, and including the LF effects, is underestimated for all the
semiconductors. Including the excitonic effects in the theory is expected to correct this discrepancy with

experiment.
DOI: 10.1103/PhysRevB.63.085208 PACS nuni®er71.10-w, 71.15.Mb, 71.20.Nr
[. INTRODUCTION It was always assumed that the inclusion of the electron-

hole excitations in the interaction of light and matter is the

The electronic structures of semiconductors and insulatorgissing ingredient for an adequate comparison of the theo-
are now well described by meansatf initio methods based retical and experimental optical spectra. Model calculations
on the density-functional theory within the local-density have somehow qualitatively confirmed this assumptfoi.
approximatioth in conjunction with the so-called GW ap- However, it is only recently thaab initio pseudopotential
proximation of Hedirf. In this approximation the self-energy (PP calculations;®~**incorporating the electron-hole inter-
operator is given as a product of the Green’s function GACtion into the dielectric fgnptlon, h_ave been able to de_te_r-
times the screened Coulmb interaction W. The excited staté®ine the importance of this interaction and make a realistic
obtained with this approach are in good agreement witfFomparison with experiment. To achieve this goal, the so-
angle-resolved photoemission experiméntsHowever, the called Bethe-Salpeter equation has been solved for a range of

- . : ., semiconductors and insulators using the same approach as
one-electron description of the optical properties of matenal?Or the model calculation® The outcc?me of this har%pwork

based on the knowledge of the GW electronic structure is no\}\/as quite an achievement, and led to a good agreement of

satisfactory. In particular(l) when the GV.V energies are the optical spectra of Si, Ge, GaAs, diamond, and LiF with
used the peak positions are much higher in energy than the, o rimen6-18 Those calculations clearly show that the in-
experimental oned2) the relative intensity of the so-called ¢|,sjon of the two-particle effects in the dielectric function,

E, and E, peaks is not reproduced with the one-electron; ¢ ' the interaction of the electron, promoted from a valence
theory, i.e., thek, peak is underestimated by as much aspand to a conduction band, with the hole left behind, is in-
50% of the observed value and tl® peak is somewhat deed an important ingredient for the description of the opti-
larger, and(3) calculations ignoring excitonic effects, but cal spectra.
including local-field (LF) effects, reduce the intensities of In this paper, we are also motivated by the same old prob-
both E; andE, peaks> lem, i.e., computing correctly the optical spectra without any
On the other hand, the local-density approximatioDA ) adjustable parameter. But, instead of using the most popular
description of the optical spectra is not satisfactory eithergb initio pseudopotential method, we use an all-electron
since (1) the peak positions are much lower in energy thanmethod. The calculation becomes, of course, much more
the experimental ones due to the underestimation of the ercomplicated due to the complexity of the basis set; neverthe-
ergy band gap an@?) the static dielectric constant, which less, the advantages are well worth the effort. Wendo
can be obtained from a functional derivative of the electrorhave to pseudoize the valence electron in the atomic region.
density with respect to the total Kohn-Sham potential evalu-This is a plus over the PP method, since for localizkd
ated at the ground state, hence a ground-state property, éectrons the optical matrix elements can be computed with-
overestimated by the LDA calculatidn®® However, some out any approximation. Even, for semiconductors, it is not
of this overestimation is primarily due to the neglect of theclear whether the matrix elements calculated using a PP ap-
local-field effects, and as it can be seen in this paper, thproach are not necessarily as accurate as those obtained us-
inclusion of the LF effects improves somewhat the agreeing an all-electron theory. As it can be seen later, the dielec-
ment with experiment. tric functions of Si and GaAs are reproduced by two different
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all-electron methods and are in excellent agreement. Theravhere § is a positive infinitesimalW is the dynamically
fore it is of interest to know whether a PP calculation couldscreened interaction calculated at the RPA level,@rislthe

reproduce these results with the same accuracy. one-electron Green’s function given by

To study the local-field and excitonic effects in various W, ()W (1)
types of semiconductors we used an all-electatninitio G(r,r',w)=2, nk nk , (3)
method, based on the projector-augmented-wgvAW) kn w—eff—iosgnu—eld)

method?® that was previously extended to compute the qua-

siparticle energies within the GWX.We first used the tet- where 11 S the ch_emlcal potential ant, are_the LDA _
rahedron methdd to produce accurate spectra at the Wave functions. It is common to use the LDA eigenvalues in

) L : . the Green'’s function given by E¢3), nonetheless, we have
random-phase approxmatldrRPA)_ level and mvest_lgated found that when updating the energies in the Green’s func-
the effects of local fields with the formulation of

Adler-Wiser?” Then, as it can be seen later, the tetrahedror%'on’ the GWA provides quasiparticle energies that are in

method can no lonaer be used to compute the optical s ectbetter agreement with experiment. This was also noticed by
, . nget P pucal sp ﬁybertsen and Loui& Thus, the calculated quasiparticle

including the excitonic effects. The standard technique forband a0s. using the undated Green's function. are sliahtl
performing this calculation is to solve the Bethe-Salpeter 9aps, 9 P ' gntly

equation for the two-particle Green’s function of electron-Iarger from those reported earli€tTo compute the optical

hole pairs with an appropriately screened Coulomb interac§pectra we have used two different approacksthe pro-

O i -
tion. Such an approach neglects multiply excited final stateé,eCtOr augmented wavéPAW) method® eigenvalues to

: ; 12
i.e., we are dealing with two-particle excited states. Thesé’ether with the so-called scissors operator sfift? (2) the

excited states are then used to construct the frequency depeg]qasmartlcle energies obtained by using the plasmon-pole

dent imaginary part of the dielectric function by a summation?eondceeI g]; Itzhr;gglcfen:nggr?gtgggm'be the frequency depen-
over these statdsee Eq(17)].

The remainder of our paper is organized as follows: In
Sec. Il we describe our method of calculation. In Sec. Il we
apply it to determine the optical properties of two distinct 1. Inclusion of local-field effects at the RPA level
semiconductor groups: some small- and medium-band-gap . .
semiconductors: Si, InP, AlAs, GaAs, and a Iarge-band-gag[J In a crystal, tha_lt possesses the lattice transIgUon symme-
semiconductotdiamond. For the diamond the optical spec- 1Y: @ small electric perturbatioBo(q+G, ) having wave
trum including electron-hole interaction is widely different YECIOr 9+ G and frequencyw produces responseg(q
from the noninteracting one due to the strong electron-hole” G »@) of wave vectorsq+G’, the G and G’ being
interaction. We then compare our results with available Ca|_reC|procaI—Iatt|ce vectors. The dielectric matrix describing

culations and experiments. We have also determined the ef1€S€ responses, is of the fore, c(q,») and it can be

fects of the local fields on the electron-energy-loss functionVritten as
At the end of this section we explore the static dielectric . -1
constant using both the LDA and GWA with and without E(q+G ’w)_%: €e,c(0@)Eo(+Gow).  (4)
local-field effects. This leads us to discuss the importance of

the excitonic effects for the calculation of the quasiparticleAn €xternal macroscopic electric field can be viewed as a
static dielectric constants. perturbation of vanishingly small wave vectgrand, there-

fore, the screening of the external macroscopic field is given
by the matrix elemenkaé(q,w) of the inverse dielectric
matrix. In insulating crystals, this results in a formula for the

B. Dielectric function

Il. METHOD OF CALCULATION

A. Quasiparticles within the GW approximation macroscopic dielectric function:
As described elsewhéethe quasiparticléQP) energies )
€]f for a state of band indem, and crystal momenturk are e(w)=lim — ’ (5

q—0 EG,G'(q:w)

computed by solving a Schidinger-like equation given by G=G'=0

3y , ap , which can be rewritten as
(T+Vextt Vi) Un(r)+ | dr" Z(r,r", eql) dni(r”)
é(w)=lim €y (0, w)

= enktnk(r), () a-0
whereT is the kinetic-energy operato¥,.,; is the external —lim ¢ et €
(ionic) potential,V,, is the Hartree potential due to the aver- 40 G,Gz’sﬁo 06(0h)€g 6/ (A @) €er o0, ).
age Coulomb repulsion of the electrolsjs the self-energy
operator, andj, is the quasiparticle wave function. In the ©)
GWA,? the self-energy is approximated by The first term of this equation is the interband contribution to

) the macroscopic dielectric function and the second term rep-
i _ . I L
b L aise’ , , . , resents the local-field contribution & The determination of
2 ) 277J e G ot o)W, o) do’, the macroscopic dielectric constant amounts to the computa-
(2)  tion of the inverse ofeg /(0,w). Adler and Wise? have
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derived, essentially by an extension of the RPA, an approxiHere €, and e, are the LDA valence and conduction ener-

mation toeg ¢+ for longitudinal fields, gies for wave vectok, p is the momentum operator, amd
=g/q. Indeed, it was shown by inspection that for Si the
(Q0)= 5 8 LDA agg the GW wave functions have more than 99%
€c6'\Qw)=0c6 — <, overlap?
0lg+Gllq+G/| i

On the other hand, the size of the dielectric matrix is
critical for the convergence of the optical spectrum. We have
found that a size of 6865 for all systems studied here is

Knm epf_,—emgto+id good for the convergence of the optical spectra. The imagi-
% (nk—gle~ 1@+ )" |mi) nary part of each matrix elemeng)@(qe 0,0) is evaluated

in ener(gl .intgr\(/jals c(;jftc)).l eV up t? 2?(0Kev. T?en thg “rgal
((Q+G") Tl part” €’ is deduced by means of a transformation de-
X (mkle Ink—a), ™ fined previously, see EQ(10). The linear tetrahedron

wheren andm are the band indice$,, , is the zero tempera- method" is employed to perform the summation over the
ture Fermi distribution, and) is the crystal volume. The Brillouin zone, which appears in Eq9). We use 800k
matrix elements(nk—q|e”'(%"®)"|mk) are calculated as points in the full Brillouin zone to calculate the head element
described in Ref. 19 in the context of the GW approximation.and 1000k points to calculate the wing elements and the
In this expression, the time dependence of the field was asody elements. The Hermiticity @f(é)(;,(qao,w), the time-
sumed to bee~'“! and the small positively defined constant reversal symmetry, and the symmetry properties are used to
6 guarantees that the matrix elementse¢®) are analytic reduce the number of independent matrix elements to be
functions in the upper-half-plane. Such a matrix could becomputed.
separated into an Hermitian pa@g, and an anti-Hermitian

parti eg)G according to

fn,k—q_ fm,k

2. Inclusion of excitonic effects

We follow here another approach for the computation of

_ - (2) the optical properties of semiconductors, that allows us to
eca(qQw)=€:w,(0,w)t+iesr, (0w 8 h " ! .
ce(@hw)=ega (@) Tl e (qw) ® include both the local-field effects and the electron-hole in-
with € for positive w given by teraction in the theoretical optical-absorption spectrum. Be-
cause of the electron-hole interaction, the excited states
@) 8772 of the system are described by a linear combination of free
g (Qo)=———— ielectron- ihol ir
c.c'\d 0]q+G|[q+G'] quasielectron-quasihole pairs
: Ny=2>, Al Juck). 12
X > (vk—qgle " C)T|ck) IN) %( vexlvek) (12
k,v,c

_ Here,|vck) is defined bylvck)=al,a,.|0) where|0) is the
X(ck|e'@*C)Tpk—q) ground state and!, creates a quasielectron in the GW state
|ck). We limit ourselves to zero-momentum excited states
and neglect multiply excited states. The electron-hole ampli-

9 o . .
and M) defined by a Kramers-Kroni(kKK) transform ags) tudesA;, and the excitation energies" are obtained by
solving an effective two-particle Schdimger equation,

X 8(w—ek+elk_o)

) 2 (e w’eg)G,(q,w’) which originates from the Bethe-Salpeter equétion
eéyg,(q,w): 5G’G/+;Pfo do’ ,‘2 2
w —w — PNV
(10) (edk— fgﬁ)Azck"" E (vek|Efv'c’k >A2/c/k/:E)\A3ck!
v'c'k!
It should be noted here that the matrix elementgéf and (13

€V could be chosen to be real if the inversion is contained irwhere the kerneE represents the electron-hole interaction,
the point group of the crystal. The calculation of the headand 9P are the quasiparticle energies obtained in the GW-
element lim_ eg?g(q,w) and of the wing elements PAW approximation. The relevant parameters of our calcu-
limy o €74(0, ) necessitate special care because the quasfations are the number of valence bards, the number of
particle energies calculated within the GWA are used to deconduction band#l;, and the number ok pointsN, . The
termine the optical properties of semiconductors. Instead o$et of k points belong to a regular grid (< 2Ng
handling numerically lirg.o(vk—qle™'%"|ck)/q, when the X 2Ng,) defined by

guasiparticle wave functions are to be used, it is reasonable

to approximate the quasiparticle wave function with the K=+ (N1by+ Ny N3bs) 12Ny, (14
LDA wave function, and take the limit analyticalfy: where Ny, is the number of divisions along the primitive
vectorsh; of the reciprocal lattice, the; are integers ranging
lim (vk—q|e“q‘r|ck>/q=d-(vk|p|ck)/(evk— €ck)- from —Ng+1 to Ng,, andsis a small arbitrary vector that
lg|—0 shifts the grid slightly from the origin. The symmetry break-

(11 ing vectors produces converged spectra with a limited num-
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ber ofk points by avoiding degenerate eigenstates. It shouldghe use of symmetry reduces the number of dielectric matri-
be noted that no symmetry reduction holds for tHegmints, ~ Ces to be evaluated from 512 to 29. This is because, although
making the calculation of the quasiparticle energies with théhek points given by Eq(14) have no special symmetry, the
GW approximation more time consuming. difference betweek andk’ belongs to a regular grid cen-
Following the usual approximatioi,the kernel= is an  tered at thd™ point. Wheng=0, special attention has to be
effective interaction, which could be expressed as the sum dfaid to the calculation of the matrix elements defined by Eq.
two terms. The first ternE s obtained as the functional (16). The divergence of #f type (G=0,G’'=0) is inte-
derivative of the Hartree self-energy with respect to thegrated out over a small sphere of volurigz /Ny, where
single-particle Green'’s function, while the second t&ff ~ Vg is the volume of the Brillouin zone. This divergence
is expressed as the functional derivative of the self-energy igontributes only notably whea=c’ andv=v'. The diver-
the GW approximation, neglecting a ter®(sW/8G),  gence of 1| type (G=0,G’'#0 or G#0,G'=0) is ne-
which is expected to be small. In the basis of electron-hole@lected, because its contribution either averages to zero or
pairs, the matrix elements of the exchange t&ffi®" are  vanishes quickly in the limit of a large number bfpoints

given by (Ng—0).
Finally, the effective Hamiltonian is diagonalized to ob-
A 1 , tain the eigenvectora® and eigenvalueg, , which are nec-
<UCk|EeXCWU’C’k'>=2Xﬁ > ——(ck|e'®"uk) essary ingredients for the computation of the imaginary part
G#0 |G| . . . I
of the dielectric functiort
X(v'k'|e” ¢ |c"k"). (15 g2 5
The volume of the crystal i€ =N, XV, with N, being the €?(w)=1im lz D12 (vkle k)AL | S(E\— ).
number ofk points in the sampling over the Brillouin zone q—0 {2G° N Juck
andV the volume of the unit cell. The factor of 2 stems from (17)

the fact that we are dealing with singlet excited states. Th&ince the tetrahedron method can no longer be used to evalu-
summation over the reciprocal-lattice vectors is restricted tayte ¢(?)(w), the delta function appearing in EGL7) is re-
nonzeroG vectors because the Coulomb interaction withoutplaced by a Lorentzian function with a finite widiy On the
the long-range term of vanishing wave vector should be usedther hand, this method, as compared to the previous one,
to obtain the macroscopic dielectric const&hit should be  syffers from the limited number of bands akdpoints in-
emphasized that the Bethe-Salpeter equation could be easiffuded in the calculation. In computing E¢L7), we have
solved in the plane-wave basis when retaining only the exysedN,=3, N,=4, andN,=512 (8x8x8 mesh for all
change term in the kerné. Such a procedure leads to the systems considered here. Such a set of parameters defines the
expression given by Eq7) for the dielectric matrix, making maximum size of the Hamiltonian which can be computed
the connection with the previous part, where the local-fieldgn a Sequentia| computer of 1 Gbyte of memory; it genera"y
effects in the macroscopic dielectric constant were obtainegroduced a converged optical spectra below 6 eV. Unfortu-
by inverting the dielectric-function matrix. nately, with this limited set, the real part of the dielectric
The second ternE°" is related to the direct screened function is found to be inaccurate, and its convergence will
electron-hole interaction. We have neglected the energy dgequire a large number of bands angboints. Moreover, the
pendence o£ " to facilitate the resolution of the Bethe- solution of the Bethe-Salpeter equation requires an important
Salpeter equation. This approximation results from takinghumerical effort because the basis set for the electron-hole
into account only the static screening of the electron-holeyave function contains a large numbet, X N.X N, , of
interaction and neglecting any dynamical screening of thgunctions. For the set of parameters specified previously, the
electron-hole interaction. It was argued by Bechsttdtl*®  number of matrix elementa ck|=|v’c’k’) to be computed

that the dynamical effects of the electron-hole interaction args about 3.8 10°. This number can be halved by using the
compensated by the dynamical effects of the renormalizegiermiticity of the effective Hamiltonian.

Green’s function. Within this approximation, the matrix ele-

ments of the screened electron-hole interaction are given by IIl. RESULTS AND DISCUSSION
i ’ A }gylG,(q,wzo) A. Calculated optical spectra with and without
(vek|EMM o'’k y=— = e — local-field effects

Q ¢o la+Gllg+G/| . . . .
The dynamical dielectric function of all the semiconduc-

X (v'k'|e @) Tyk) tors studied here are calculated using the tetrahedron
GGttt method® to evaluate the Brillouin-zone summation in Eq.
X (ck|e™' lc'K") g s ks (9). To test the accuracy of the all-electron PAW method we

(16) have used the LDA energies to compute the imaginary part
_ of the dielectric function of Si and GaAs without local field
where the static symmetrized dielectric matrie€g, v =0) and we have compared the spectra to the full-potential linear
are obtained within the RPA. The sizes of the dielectric mamuffin-tin orbital (FPLMTO) results® Figure 1 shows that
trices are 13% 137 for Si and 16% 169 for the other semi- the agreement with the FPLMTO spectra is excellent, and
conductors. For a grid specified bl =4 (8X8X8 mesh, sets the standard for an accurate LDA calculation of the di-
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electric function of Si and GaAs. This is encouraging sinceparts of the off-diagonal elements; . have nonzero con-
the FPLMTO method is a state-of-the-art first-principlestributions inside the band gap. The real and imaginary parts
method for calculating the electronic structure of materialsof theijr diagonal elemené ;11 117) are, respectively, Her-
and in comparison, the PAW formalism is much simpler, butmjtian and anti-Hermitian, and are very close to our results.

nevertheless the method does not lose any accuracy. The Hermitian and anti-Hermitian off-diagonal parts can be

Before presenting our calculated optical properties 0Ig)btained by multiplying the optical matrix elements by the
semiconductors, we give some details of how we performe 16-6')4 \whered is the vector representing the

the calculations of the optical spectra. We have used thg_hase factoe X o
GWA quasiparticle energies as well as the so-called scissof@Stance between the two atoms, or by choosing the origin of
operator energy shift to the LDA eigenvalues to compute thdhe reference fram_e_of the atoms in the middle of the distance
dielectric function of Si and diamond. As it will be shown Petween the two silicon atoms.
later, we have found that the dielectric function of Si is al- Figure 3 shows the calculated imaginary part of the di-
most unchanged in the two calculations, and that of diamonélectric function of Si, InP, AlAs, GaAs, and diamond versus
changed only slightly near the main peak position. Becausghoton energies up to 8 eV with and without LF. These
of this small change of the dielectric function due to the usecalculations are compared to the experimental restifS.
of the quasiparticle energies, and because of the high CPBor Si and diamond, the gray-dashed curve represents the
cost in obtaining the quasiparticle energies across the wholdifference between the calculated optical spectra using the
Brillouin zone, all the other small- and medium-band-gapGWA quasiparticle energies and the scissors-operator energy
semiconductor optical properties are computed using onlghift to the LDA eigenvalues. As stated above, these spectral
the scissors-operator shift corresponding to the difference balifferences are small and justify the use of the scissors-
tween the quasiparticle and LDA energies at Xeoint,  operator shift for the calculation of the optical spectra of the
except for GaAs where we have used a shift between thether small- and medium-band-gap semiconductors.
experimental and LDA energies. This is because for GaAs, For Si the agreement with the empirical pseudopotential
where the 8 semicore states hybridize significantly with the (EPP calculation of Louieet al,, is good® We have found
valence states, the GW approximation without core polarizathat the LF effects do not change the peak positions, but
tion underestimated the experimental band Hap. systematically reduce the intensities of the so-caltgcand

The accuracy of the macroscopic function depends on thg, peaks’ Thus, the local-field effects seem to improve the
convergence of all the elements of the microscopic dielectriagreement with experiments concerning the intensity of the
matrix. As stated in the previous section we have found thaE, peak and the structures in the higher-energy part of the
a matrix of 65 by 65G vectors and the use of 200 bands in spectrum, and worsen the agreement with experiment regard-
the interband transitions produce a well-convergéd). ing the low-energy part, where the, peak is located. Nev-
Figure 2 shows different elements of the microscopic dielecertheless, we find it surprising that our calculations do not
tric function of silicon versus photon energy up to 70 eV.agree well with theab initio PP calculations of Gavrilenko
The highest intensity of these elements is at least one ordemd Bechsted? that are supposed to be similar to the em-
of magnitude smaller than thgggg) (000) €lement. We com-  pirical pseudopotential method calculation. The latter calcu-
pared our results to the only available results of Gavrilenkdation found that while the LF underestimates the peak
and Bechstedt’ and found that our results are in reasonableintensity in agreement with our calculation and EPP, it over-
agreement with theirs. As for the reason why their imaginaryestimates th&, peak intensity in disagreement with our cal-
parts of the off-diagonal matrix elemendg g have nonzero culation and with EPP. Gavrilenko pointed out that their off-
contributions inside the band gap, this is because Gavrilenkdiagonal elements of the dielectric function were highly
and Bechstedt have chosen the origin of the reference systeoscillating with the increasing size of tt& vectors and the
on one Si atoni* This choice makes their optical matrix conduction-band indeX This could be the reason for the
elements complex, and hence the imaginary part of the offdiscrepancy, because in our case we did not have any con-
diagonal g - is a mixture of the Hermitian and anti- vergence problem.
Hermitian parts! The same thing is true for the real part.  The calculated spectrum of Albrecét al,'® obtained by
The Hermitian part of the dielectric function, the so-calledsolving the Bethe-Salpeter equation, using the PP method, in
€1, is nonzero inside the band gap, and hence their imaginarg special limit where only local-field effects are includede

I.,lG

085208-5



B. ARNAUD AND M. ALOUANI PHYSICAL REVIEW B 63 085208

1.0 R R 1.0
0.8 | 1 0.8
G,=(000) G,=(000)
06 & G,=(111) ] 0.6 G=(111)
K} g
@ 04 f ‘\Ijls 04
$ X
& 02} & 02f
5&0 Cw
0.0 " 0.0 Ner"
-0.2 Y -0.2 :
2 2
G,=(111)
_ 6=(111) @1y FIG. 2. Calculated elements of the reégpht
3 3 G,=(111) . .
S $ column and imaginary parleft column of the
o) & symmetrized microscopic dielectric matrix
1 © ™ o
o L& €(q,w)g g Of silicon for the limitq— 0 and for
e T (G4,G,)= (000,113, (111,113, and(111,200.
0 0
0.2 : 0.2
G,=(111) G,=(111)
0.1 ¢ G,=(200) 1. 04 G,=(200)
3 g
< >
1] 1]
S &
$ | 5
=S 00 = 00
w g
o -
-0.1 e e -0.1 —
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
o (eV) o (eV)

Sec. Il B), agrees only qualitatively with our calculation and decrease the intensity of tHe, peak without changing its
with the EPP result8 Their E; structure, which is located in position and in addition transfer spectral weight from the

energy above th&, structure, has a large intensity and dis- low-energy side to the high-energy side, beyond the position
agrees with our calculation and othab initio or EPP  of theE, peak. This trend is the same as the one observed for

calculation®3 It is then not clear what makes the extra Si, InP, AlAs, and GaAs. Moreover, the comparison of the

reduction of theirE peak when the excitonic effects are Optical spectrum of diamond with experim&his much
included. worse than the other smaller-band-gap semiconductors. This

For all the other small- , and medium-band-gap semiconis because the small dielectric constant of diamond indicates
ductors, the LF effects do not change the peak positions, bifat excitonic effects are much more important. For example,
systematically reduce the intensities of the so-caligcand ~ Most of the large discrepancy between our calculated spec-
E, peaks. Hence, as for Si, the LF effects do not improve thd'um and experiment can be attributed to these effesze

agreement between theory and experiment concerning theec. I11B).
peak positions and the intensity of thg peak. Notice that

for diamond the differencéshown by a gray-dashed cujve

between the optical spectrum calculated using the GW qua-
siparticle energies and that using the scissors-operator shift is

much larger than that of Si. This reflects the deviation of the As stated earlier, we have usél=3, N.=4, N, =512
GWA conduction bands from those obtained using a simplé8Xx8X8 mesh, and» = 0.30 eV for all the semiconduc-
energy shift of the LDA eigenvalues toward higher tors, except for diamond, where we usgd= 0.60 eV. The
energiet’ to match the GWA band gap. This difference choice of7 is such that the agreement of the RPA dielectric
shows that the intensity of theé, peak of the spectrum cal- functions calculated using this latter meth@ée Figs. 4 and
culated using the LDA shifted energies is slightly increased5) with those calculated using the tetrahedron mettsek
This was also observed by Adolgh al*® Regarding the LF  Fig. 3) is optimal.

effects, our results are not in agreement with Gavrilenko and To make the connection with the previous method of
Bechsted? for the same reasons invoked for38iand they ~ computing the local-field effects, we have neglected the di-
are also in disagreement with the early empirical work ofrect screened interaction terf8%" in the effective two-
Van Vechten and Martif! Indeed, we find that LF effects particle kernel interactiorE and have solved the Bethe-

B. Calculated optical spectra including
the electron-hole interaction
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FIG. 3. Calculated noninteracting imaginary
part of the dielectric function of Si, InP, AlAs,

GaAs, and diamond witkfull curve) and without
(dashed curvelocal-field effects vs photon en-
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et

ergy compared to the experimental ddtarve
with empty circleg of Ref. 32 for Si, GaAs, and
diamond, Ref. 33 for AlAs, Ref. 34 for InP, and
Ref. 35 for diamond. The calculations have been
done using the so called scissors-operator energy
shift to the LDA eigenvalues, except for Si and
diamond, where the quasiparticle energies across
< 1 the Brillouin zone have been used. For Si and
diamond, the long-dashed curve represents the

w(eV)

diamond

8

16

20

difference between the calculation without local-

field effects using the quasiparticle energy across
the Brillouin zone and that using the rigid energy

shift. This small difference justifies the use of the

scissors-energy shift for the calculation of the op-
tical properties.

Salpeter equation in this limit. This procedure is, inshown in Fig. 3. Itis very interesting to notice that these two
principle, equivalent to the inclusion of LF effects in the calculations, although very different in nature, led to the
matrix inversion of the standard RPA calculation, i.e., to thesame results at a semiquantitative level. The LF effects de-
previously followed approach. Figure 4 shows the results otrease the intensity of thg, andE, peaks, and in addition
the calculation for Si, which can be compared to the resultsransfer spectral weight from the low-energy side to the high-

energy side. Moreover, LF effects shift thg peak by about

50 0.06 eV towards higher energies, while the results of the

Si standard RPA calculation, see Fig. 3, indicate that the posi-

40 | tion of this peak remains unchanged. This small difference is

not really significant and could be traced back to the limited

30 ¢ number ofk points used in the Bethe-Salpeter equation ap-

g proach.

“ 20 | Figure 5 shows the calculated imaginary part of the di-

electric function of Si, InP, AlAs, GaAs, and diamond versus

10 | photon energy up to 8 eV with and without electron-hole
interaction (excitonic effects The calculations, including

0 the excitonic effects, are in better agreement with the experi-

o (eV)

mental result§?~*°regarding the absolute and relative inten-
sities as well as the peak positions. It should be noted that the

FIG. 4. Calculated noninteracting imaginary part of the dielec-di€lectric functions of InP and GaAs, with or without exci-

tric function of Si with (full curve) and without (dashed curve

tonic effects, are not fully converged with respect to the

local-field effects versus photon energy compared to the experimefiumber ofk points. Indeed, we found that a %44x14

tal data(Ref. 32 (curve with empty circles The local-field effects

mesh is necessary to get converged spectra at the RPA level.

are included by solving the Bethe-Salpeter equation in an approachuch a large number d€ points cannot be handled when

where the direct screened electron-hole interaction is removed.

including the excitonic effects in the calculation of the di-
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diamond. The calculations have been done using
the so-called scissors-operator energy shift to the
LDA eigenvalues, except for Si and diamond,
N where the quasiparticle energies across the Bril-
louin zone have been used. For Si and diamond,
the long-dashed curve is the difference between
the calculation including excitonic effects using
the quasiparticle energy across the Brillouin zone
and that using the rigid energy shift.
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electric function of those compounds. Thus, we believe thaDespite this large energy shift the agreement of the main
the remaining discrepancy between theory and experimemieak with experiment is not fully recovered. Indeed, as com-
for InP and GaAs could be attributed to the limited numberpared to the experimental main peak, the theoretical peak is
of k points used in the calculation. Figure 5 shows also thagtill about 0.8 eV higher in energy and it's intensity is

the electron-hole interaction seems(19 redistribute the os-  slightly overestimated. Notice that the widening of the main

cillator strength, i.e., add oscillator strength in the low-peak due to the inclusion of excitonic effects improves the
energy part of the optical spectrum and reduce it from theygreement with experiment. The small shoulder around 9.3
high-energy part and2) shift the energy peaks towards gy js absent in the more accurate spectrum obtained using

lower energies. Notice that the electron-hole interaction doeg,e tetrahedron metho@ee Fig. 3 this is also due to the

not significantly change the joint density-of-states Compareqmitation of thek points in the calculation

to the noninteracting one. It only produces new peak posi- It is of interest to compare our spectra to the recent PP

tions and intensities due to a constructive and destiuctive, o .« 4y ailable in the literatut&-283%For Si and GaAs our
interference phenomena caused by the mixing of electron-

hole pairs in the excited wave function. It is worth noticing results are mﬁgood agreement with those of Ben_ed|ct, Shir-
that the dielectric function of Si, obtained using the GWA ley, and BOh. (BSB), whereas the .agreemen.t with the re-
quasiparticle energies or the scissors-operator shift, is almoS!ts f Rohlfing and Loufé concerning GaAs is somewhat
the same. This justifies the use of the scissors-operator afftSS 900d. This is probably because the intensity of Hgir
proximation for the calculation of the optical spectra of Peak at the GW level, without electron-hole interaction, is
small- and medium-band-gap semiconductors. surprisingly much lower than the experimental one. For the
The same tendency of the shift of the oscillator strengttfliamond, our optical spectrum differ somewhat from that of
towards the lower photon energy region is also observed foBSB."” The main peak of our spectrum is shifted, by about
a wide-band-gap semiconductor like diamond, see Fig. 50.8 eV, towards higher photon energies compared to experi-
However, the position of the main peak is shifted by aboutment whereas theirs is not. However, our onset of absorption
0.6 eV towards lower photon energy that is about three timess in good agreement with experiment whereas theirs is
larger than for small- and medium-band-gap semiconductorshifted by about 0.5 eV towards lower photon energies.
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The large discrepancy of our spectrum with that of BSBeffect™ It is for this reason that the experimental energy
requires a detailed comparison. The model of Hybertsenshift, as stated earlier, was used to produce the optical spec-
Levine-Louie(HLL ) used by BSB seems to produce a some-trum for this system instead of the GWA energy shift.
what less effective screening for small electron-hole separa- To conclude this section, it is worth mentioning that the
tion. This resulted in a slightly larger band gaps for large-calculation of excitonic effects is a difficult task. One cannot
band-gap semiconductoi$.The use of the HLL model USe an accurate integration method, like the tetra_hedron
together with the shifted LDA conduction bands to produceMethod;" which has been used to accurately determine the
the experimental band gap of diamond could partially ex-dielectric function at the RPA levelsee the previous sec-

plain the shift of the oscillator strength towards lower photontion). Here, we are obliged to make a sum over the excitonic
energies in their optical spectrum of diamond. Similar downStates as shown in E¢L7), and replace the delta function by

shift is obtained for their LiF optical spectruthNeverthe- @ Lorentzian of a given width. This method of integration
less, we should stress that we have also calculated the opticg@not resolve the fine structures in the optical spectra ob-
spectrum of diamond where the excitonic effects are calcut@ined at low temperatures becausébfthe limited number
lated using a model dielectric function, used previously byf k points and2) the smearing of the spectra caused by the
Gygi and Baldereschi to calculate quasiparticle enefies. Lorentzian width. For this reason the suggestion of Cardona

We obtained an optical spectrum that is almost identical t&t al.’® to make detailed comparisons of theoretical spectra
that obtained using the RPA dielectric function, except thatVith low-temperature data, remains a challenging task. To be
the main peak is shifted by about 0.1 eV towards lower pho@PIe to resolve fine structures a large numbek @oints as
ton energies. This shift is really small and seems to indicat®/@ll as a small Lorentzian width are necessary. The large
that the discrepancy between our results and those of BsBUMbPer ofk points leads to a large excitonic Hamiltonian
could not be fully explained by the use of a model dielectricmaking its diagonalization prohibitive on sequential comput-
function. It seems that the largest part of the discrepanc{'s-
happen already at the RPA level. Notice that our calculated
RPA main peak is at 13.13 eV, whereas the corresponding
peak of the BSB spectrum is at approximately 12.7(&\s
number is extracted from their published RPA specitum  Figure 6 shows our calculated electron-energy-(&sL)
Thus, at the RPA level, the BSB spectrum is already shiftedunctions —Im[e *(q=0,0)]o, for Si, InP, AlAs, GaAs,
by about 0.4 eV towards lower energies with respect to oursand diamond. The calculations are done within the LDA with
A 0.4 eV shift at the RPA level, plus a 0.1 to 0.2 eV shift dueand without the local-field effects. Whenever possible the
to the use of the model dielectric function, corresponds apealculation is compared to available EEL speéfr& The
proximately to discrepancy between the two spectra. The didecal-field effects seem to improve the agreement with ex-
crepancy at the RPA level explains also why the onset operiment by reducing significantly the intensity of the main
absorption of their optical spectrum, including the excitonicpeak. The calculated EEL function of diamond is relatively
effects, is shifted by about 0.5 eV towards lower photonmore complicated, it has two maxima at 31.5 and 34.5 eV,
energies with respect to ours and experiment. It is worttand these values are shifted to 31.4 and 35.2 eV, respec-
mentioning that a similar unpublished PP calculation usingively, when the LF effects are included. The experimental
the GW energies and the RPA screening found the maicurve seems to present only one resonance at 32 eV. This
peak of diamond is about 0.7 eV too high compared to exdiscrepancy could be easily due to a small inaccuracy in the
periment and in agreement with our calculati8n. calculated dielectric function at these high photon energies.
The large down shift of BSB RPA spectrum with respect We did not calculate- |m[6*1(q:0,w)]0’0 for the qua-
to our spectrum is probably due t@) their use of the ex- siparticle energy because we believe that GWA is not valid
perimental band gap to produce shifted conduction ba@gls, at high energies, and as pointed out in Ref. 13, the plasma
the stretch of the valence bands by 7%, but not of the conresonance will be pushed towards higher energies in dis-
duction bands, an@) the type of pseudopotential could also agreement with experiment. This is because the electronic
contribute at the 0.1 eV level. structure at higher energy is most probably much better de-
Table | gathers the calculated direct band gap¥ ,aX, scribed using the LDA than the GWA becaudg at these
and L using the LDA and GWA where the Coulomb inter- higher energies the scattering of an electron with the atomic
action is screened using the plasmon pole of Engel angotential is small. In this respect, these high electronic states
Farid?* as well as the peak positions Bf andE, peaks of can be obtained, most likely, from an almost free-electron
the noninteracting and interacting spectra of Si, InP, AlAstheory.(2) The plasmon-pole model is not valid at these high
GaAs, and diamond. The calculations are compared to thenergies* It is, however, of interest to mention that
angle-resolved-photoemission experiments for the energySoininen and Shirléy/ have calculated the EEL function of
band gap4!~** and the calculated peak positions are com-diamond, LiF, and GaN including the excitonic effects but
pared to these obtained from the experimental opticafor q not equal to zero. They used the scissors-operator to
spectra?—>*As it can be seen from this table, the direct bandcorrect the LDA results instead of using directly the GW
gaps of Si, InP, and AlAs are in good agreement with theband structure. They found that the effect of the scissors-
experimental results to within 0.1 eV. For GaAs the situationoperator shift is canceled out by the excitonic effects.
is more complicated due to the presence of tdes8micore Table Il shows the values of the maxima of the EEL func-
states and the core polarization is shown to have a largion compared to the experimental results obtained from the

C. Electron-energy-loss function
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TABLE |. Calculated direct band gaps Bt X, andL within the LDA and the GWA for Si, InP, AlAs,
GaAs and diamond compared to the positions of Bheand E, peaks in the dielectric function with and
without excitonic effectgin eV). The calculation of the self-energy is performed using 10 sp&gpalints in
the Brillouin zone and 200 bands. The size of the polarizability matrix is<i3¥7 for Si, and 169 169 for
the other semiconductors. The number of reciprocal lattice vectors is 283 for Si, 307 for GaAs and AlAs, and
331 for InP and 387 for C. The QP GWA results are obtained using the plasmon-pole model of Engel-Farid

(Ref. 24.
QP energies E; E,

LDA GW Expt.  Noninterac. Interac. Expt.  Noninterac. Interac.  Expt.
Si
Eq(I) 251 323 340
Eq(L) 257 335  3.39 3.68 3.4
Eq(X) 343 416 415 4.4 4.18 4.2
InP
Eq(I) 077 165  1.49%
Eq(L) 238 329 330  3.49 3.39 3.2b
Eq(X) 370 451 458 4.94 4.74 4.78
AlAs
Eq(I) 1.95 2.97 3.14
Eg(L) 290 3.90 3.92 4.05 3.99 4.04
Eg(X) 3.49 442 4.5% 5.03 4.78 4.72
GaAs
Eq(I) 038 116 152
Eg(L) 1.97 272 3.1% 3.2 3.15 3.8
Eg(X) 3.88 457 4.8% 5.0 4.8 4.8
Diamond
Eq(T) 553 7.42
Eq(L) 11.17 13.36
Eq(X) 10.92 12.93 13.13 12.53 1175
8Reference 41. ®Reference 32.
PReference 42. Reference 34
‘Reference 43. 9Reference 33.
dReference 44. "Reference 35.

EEL experimeri® and from EEL spectra obtained by invert- g—0. Table Il presents.. for all semiconductors studied
ing the complex dielectric functiof?,®® The free-electron here and compares them to other calculafioh®>*?and
plasma frequency is also shown for comparison. The plasmgith available experimental results To illustrate our data
resonance of the EEL spectra of Si is in good agreement withng stress the agreement with experiment we show in Fig. 7
experiment and with the free-electron plasma frequencyy results versus experiment and the PP results including

whereas for GaAs and diamond, the agreement is only at thgow, | £ effects and the exchange-correlation kefnt2A

fﬁT'&uanmaﬂ\.’e Ie\t/ell. llt 1S, nefvertheles_s, WfortGr1aZ1ent|c()jn|(;1_ erfect agreement with experiment is achieved when the
at the experimental plasma frequencies o S and O1& culated value is on the dashed line. Becasseis a

mond are not obtained from the measured EEL spectra but :

. : : ground-state property, we expecively, that the calcula-

rather form the EEL spectra obtained by inverting the com-,[i n using the LDA and including the LE effects would or

plex dielectric functions. The experimental plasma frequen- on using the a cluding the L efiects would pro-

cies may then be less accurate because the complex dieIectHHCe the experlmentalhr.esufl';s. Howevgr, we observe on!y an
function is obtained from the reflectivity spectra using'MProvement due to this effect. It is important to mention

Kramers-Kronig relations. This may explain part of the dis_that our calculation neglects the exchange-correlation contri-
crepancy with our calculations. bution to the static dielectric function. To include this con-

tribution one basically has to compute the exchange-
correlation kernel Kyo(r,r")=0?Eycldp(r)ap(r’)
=dVy/dp|,nd(r—r'), where E,, and V,. are the
The electronic static dielectric function. , with or with-  exchange-correlation energy and potential, respectively, and
out local-field effects, is computed using the Kramers-p(r) is the charge density at The calculation ofK,. is
Kronig relations. The calculations were produced using thenuch more complicated in an all-electron than in a PP
RPA dielectric function by performing analytically the limit method, since one has to determine the matrix of the Kernel

D. The static dielectric constant
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in the Fourier space. The fast Fourier transform convergenctinction, and thus worsening the agreement with experiment.
of the exchange-correlation kernel with the numberG®f Such an effect is shown in Fig. 7, where the static dielectric
vectors is very slow because of the oscillating nature of théunction, as obtained using the PP metfod? including

full charge density in real space. Fortunately, it can be showboth the exchange-correlation kernel and the LF effects, is
that the effects of the exchange-correlation kernel within theepresented by the plus signs. The exchange-correlation ker-
LDA is to increase slightly the static dielectric function with nel increases the value ef, including the LF effects by at
respect to that including the LF effects. This is because thenost 6.4% for diamonfl.This is to be compared to the LF
K, is negative definité.Without doing any calculation, the effects that reduce the LDA values by as much as 14% for
inclusion of theK,. is expected to increase the dielectric AlAs. It is then tempting to attribute the remainder of the

TABLE II. Influence of the LF on the energy position of the plasmon peak of the electron-energy-loss

spectra. Our calculations are compared to available experimental results and to the free-electron plasma
frequency(in eV).

Material LDA LDA+LF Free electron Expt.
Si 16.6 16.5 16.6 16%16.9
InP 155 15.0 14.8

AlAs 16.45 15.8 15.8

GaAs 16.8 16.4 15.6 187
Diamond 31.5and 34.5 31.4 and 35.2 31.2 €32

8Reference 50.
bReference 48.
‘Reference 49.

085208-11



B. ARNAUD AND M. ALOUANI PHYSICAL REVIEW B 63 085208

TABLE lll. Effects of the LF and the QP shifts in the macroscopic dielectric constardgompared to
other calculations and to experimeiitse experimental data are from Ref.)41

Material LDA LDA+LF QP shift QP shift-LF  Expt.
Si 13.78 (13.4%, 13.6’) 12.39 (12.04, 12.2’) 11.82 10.68 11.7
(13.€, 13.75) (12.£,12.8)

InP 10.71 9.50 8.89 7.90 9.6
AlAs 10.20 8.98 8.59 7.60 8.2
GaAs 14.23 (14.44, 14.17) 12.73 (13.19 11.15 10.00 10.9
Diamond 5.90 (6.08") 5.47 (5.62, 5.5) 5.15 4.80 5.7
%Reference 7. dReference 13.

bReference 8. ®Reference 51.

‘Reference 11. fReference 52.

discrepancy with experiment to the LDPANotice, however, gardless of the size of the band gap or the type of semicon-
that for a large band-gap semiconductor, like diamond, theluctor. This suggests the importance of the excitonic effects,
LDA results including the LF effects are in good agreementwhich are expected to produce a positive contribution, lead-
with experiment. This trend was also observed by otheing to a better agreement with experiment. This positive con-
researcher§?>* tribution arises from the transfer of the oscillator strength
On the other hand, the quasiparticle computatior.ofs  towards lower photon energies. In the case of large-band-gap
of importance, since the results can be directly compared tgaterial like the diamond, where the static dielectric function
these obtained within the LDA. A comparison with experi- ithin LDA including LF effects agrees nicely with experi-
ment will show whether the electron-hole interaction is im-mant the excitonic contribution is expected to cancel out the

port_ant or not_. Itis Of. importance to poin_t out that when _theQP correction. It is however unfortunate that we cannot con-
static dielectric function is calculated using GWA energles”verge the static dielectric function including the excitonic

mclud.mg the LF efiects, the cglculanon undergstlmates theeffects. Our estimation suggests that its convergence requires
experimentale,, for all the semiconductors studied here re- large number of botk points and bands, making the size

16 of the excitonic Hamiltonian exceedingly large. It is however

oLDA ‘ "Gahs C interesting to mention that a recent calculation by Chang
§ 14| eLDAWF o et al, found that the excitonic effects increase the calculated
g 121 :gmLF . 'f g ] GW static dielectric ofa quartz leading to an excellent
Pt +PPsLFsXC AlAsg A, agreement with the experimental restilt.
% 10 | o ‘,’ A si 1
< | B
T 8 a A ]
2 ¢~ P IV. CONCLUSION
AL ]
o
8 4 1 We have used our previously implemented GWA within
- the all-electron PAW method to study the optical properties

2 4 6 8 10 12 14 16 of some small-, medium-, and large-band-gap semiconduc-
Experimental dielectric constant tors: Si, InP, AlAs, GaAs, and diamond. In general, the in-
FIG. 7. Calculated static dielectric function compared to experi-clusion of the QP energy shift and the LF effects improves
mental results and with the PP results including the local-field efonly slightly the agreement with experiment. In particular,
fects and the exchange-correlation ker(iRef. 7 for Si, Ref. 9 for  the LF effects reduce the intensities of the so-caligdand
AlAs, Ref. 12 for GaAs, and Ref. 8 for diamo)]dl'he PP results E2 peaks without Changing their energy positions_ This re-
are represented by the plus signs. The open circles represent tigiction of the peak intensity worsens the agreement for the
LDA values without local-field effect§LF), the filled circles the E, peak but improves it for th&, peak. This trend is ob-

LDA values with LF, and the up triangles the LDA without LF but (o0 tor 4|l the studied semiconductors and is found to be
with an energy shift corresponding to the GW correction of the.

. : g
direct band gap at th¥ point, the empty up triangles are the LDA In agreement .W'th the EPP calculation of Loweal.” The .
values with the GW energy shift and the [$ee the text A perfect QP €nergy shift pushes the calculated peaks towards higher
agreement with experiment is achieved when a calculated value &N€rgies in agreement with experiment.

on the dashed line. Notice that when the GW energy shift and the 1he inclusion of the excitonic effects produces an excel-
LF are included, the calculation underestimates the static dielectrittnt agreement with the experimental data, i.e., the agree-
constant for all these semiconductors regardless of the size of tH&@ent with experiment concerning the positions and intensi-
band gap. This suggests the importance of the excitonic effectdies of these peaks is recovered, except for diamond where
which are expected to produce a positive correction leading to &he agreement was at the semiquantitative level. Thus, the
better agreement with experiment. shift of the peaks towards higher energy, when the GWA
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energies are used, is canceled out by the excitonic effects. GWA energy shift and LF effects are included, underesti-
The static dielectric functior.,, with or without local- mates the static dielectric function for all the semiconductors

field effects, is computed by means of the Kramers-Kronigstudied here. This suggests the importance of the excitonic

relations. The calculations were performed using the RP/Zeffects, which are expected to increase the static dielectric

dielectric function by performing analytically the limig  function® At the present time, the excitonic effects in the

—0. Because the static dielectric function is a ground-statestatic dielectric function cannot be accurately determined be-

property, one may naively expect that a calculation using theause of the large number of bokhpoints and bands re-

LDA and including the LF effect would describe the experi- quired for its convergence.

mental results. However, our calculations and other PP

calculation$™**?indicate that for small- and medium-band- ACKNOWLEDGMENTS
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