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Local-field and excitonic effects in the calculated optical properties of semiconductors
from first-principles

B. Arnaud and M. Alouani
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The recently developed GW approximation~GWA! based on the all-electron full-potential projector aug-
mented wave method is used to study the local-field~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 approximation~LDA ! 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 so-calledE1 andE2

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 number~s!: 71.10.2w, 71.15.Mb, 71.20.Nr
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I. INTRODUCTION

The electronic structures of semiconductors and insula
are now well described by means ofab initio methods based
on the density-functional theory within the local-dens
approximation1 in conjunction with the so-called GW ap
proximation of Hedin.2 In this approximation the self-energ
operator is given as a product of the Green’s function
times the screened Coulmb interaction W. The excited st
obtained with this approach are in good agreement w
angle-resolved photoemission experiments.3–5 However, the
one-electron description of the optical properties of mater
based on the knowledge of the GW electronic structure is
satisfactory. In particular,~1! when the GW energies ar
used the peak positions are much higher in energy than
experimental ones,~2! the relative intensity of the so-calle
E1 and E2 peaks is not reproduced with the one-electr
theory, i.e., theE1 peak is underestimated by as much
50% of the observed value and theE2 peak is somewha
larger, and~3! calculations ignoring excitonic effects, bu
including local-field ~LF! effects, reduce the intensities o
both E1 andE2 peaks.6

On the other hand, the local-density approximation~LDA !
description of the optical spectra is not satisfactory eith
since~1! the peak positions are much lower in energy th
the experimental ones due to the underestimation of the
ergy band gap and~2! the static dielectric constant, whic
can be obtained from a functional derivative of the elect
density with respect to the total Kohn-Sham potential eva
ated at the ground state, hence a ground-state propert
overestimated by the LDA calculation.7–13 However, some
of this overestimation is primarily due to the neglect of t
local-field effects, and as it can be seen in this paper,
inclusion of the LF effects improves somewhat the agr
ment with experiment.
0163-1829/2001/63~8!/085208~14!/$15.00 63 0852
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It was always assumed that the inclusion of the electr
hole excitations in the interaction of light and matter is t
missing ingredient for an adequate comparison of the th
retical and experimental optical spectra. Model calculatio
have somehow qualitatively confirmed this assumption.14,15

However, it is only recently thatab initio pseudopotential
~PP! calculations,16–18 incorporating the electron-hole inter
action into the dielectric function, have been able to det
mine the importance of this interaction and make a reali
comparison with experiment. To achieve this goal, the
called Bethe-Salpeter equation has been solved for a rang
semiconductors and insulators using the same approac
for the model calculations.14 The outcome of this hard work
was quite an achievement, and led to a good agreemen
the optical spectra of Si, Ge, GaAs, diamond, and LiF w
experiment.16–18Those calculations clearly show that the i
clusion of the two-particle effects in the dielectric functio
i.e., the interaction of the electron, promoted from a valen
band to a conduction band, with the hole left behind, is
deed an important ingredient for the description of the op
cal spectra.

In this paper, we are also motivated by the same old pr
lem, i.e., computing correctly the optical spectra without a
adjustable parameter. But, instead of using the most pop
ab initio pseudopotential method, we use an all-electr
method. The calculation becomes, of course, much m
complicated due to the complexity of the basis set; never
less, the advantages are well worth the effort. We donot
have to pseudoize the valence electron in the atomic reg
This is a plus over the PP method, since for localizedd
electrons the optical matrix elements can be computed w
out any approximation. Even, for semiconductors, it is n
clear whether the matrix elements calculated using a PP
proach are not necessarily as accurate as those obtaine
ing an all-electron theory. As it can be seen later, the die
tric functions of Si and GaAs are reproduced by two differe
©2001 The American Physical Society08-1
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all-electron methods and are in excellent agreement. Th
fore it is of interest to know whether a PP calculation cou
reproduce these results with the same accuracy.

To study the local-field and excitonic effects in vario
types of semiconductors we used an all-electronab initio
method, based on the projector-augmented-wave~PAW!
method,20 that was previously extended to compute the q
siparticle energies within the GWA.19 We first used the tet-
rahedron method21 to produce accurate spectra at t
random-phase approximation~RPA! level and investigated
the effects of local fields with the formulation o
Adler-Wiser.22 Then, as it can be seen later, the tetrahed
method can no longer be used to compute the optical spe
including the excitonic effects. The standard technique
performing this calculation is to solve the Bethe-Salpe
equation for the two-particle Green’s function of electro
hole pairs with an appropriately screened Coulomb inter
tion. Such an approach neglects multiply excited final sta
i.e., we are dealing with two-particle excited states. Th
excited states are then used to construct the frequency de
dent imaginary part of the dielectric function by a summat
over these states@see Eq.~17!#.

The remainder of our paper is organized as follows:
Sec. II we describe our method of calculation. In Sec. III
apply it to determine the optical properties of two distin
semiconductor groups: some small- and medium-band-
semiconductors: Si, InP, AlAs, GaAs, and a large-band-
semiconductor~diamond!. For the diamond the optical spec
trum including electron-hole interaction is widely differe
from the noninteracting one due to the strong electron-h
interaction. We then compare our results with available c
culations and experiments. We have also determined the
fects of the local fields on the electron-energy-loss functi
At the end of this section we explore the static dielect
constant using both the LDA and GWA with and witho
local-field effects. This leads us to discuss the importanc
the excitonic effects for the calculation of the quasiparti
static dielectric constants.

II. METHOD OF CALCULATION

A. Quasiparticles within the GW approximation

As described elsewhere19 the quasiparticle~QP! energies
enk

qp for a state of band indexn, and crystal momentumk are
computed by solving a Schro¨dinger-like equation given by

~T1Vext1Vh!cnk~r !1E d3r 8 S~r ,r 8,enk
qp!cnk~r 8!

5enk
qpcnk~r !, ~1!

whereT is the kinetic-energy operator,Vext is the external
~ionic! potential,Vh is the Hartree potential due to the ave
age Coulomb repulsion of the electrons,S is the self-energy
operator, andcnk is the quasiparticle wave function. In th
GWA,2 the self-energyS is approximated by

S~r ,r 8,v!5
i

2pE eidv8G~r ,r 8,v1v8!W~r ,r 8,v8!dv8,

~2!
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where d is a positive infinitesimal,W is the dynamically
screened interaction calculated at the RPA level, andG is the
one-electron Green’s function given by

G~r ,r 8,v!5(
kn

Cnk~r !Cnk
! ~r !

v2enk
qp2 id sgn~m2enk

qp!
, ~3!

where m is the chemical potential andCnk are the LDA
wave functions. It is common to use the LDA eigenvalues
the Green’s function given by Eq.~3!, nonetheless, we hav
found that when updating the energies in the Green’s fu
tion, the GWA provides quasiparticle energies that are
better agreement with experiment. This was also noticed
Hybertsen and Louie.23 Thus, the calculated quasipartic
band gaps, using the updated Green’s function, are slig
larger from those reported earlier.19 To compute the optica
spectra we have used two different approaches:~1! the pro-
jector augmented wave~PAW! method20 eigenvalues to-
gether with the so-called scissors operator shift;10–12 ~2! the
quasiparticle energies obtained by using the plasmon-p
model of Engel and Farid24 to describe the frequency depe
dence of the screened interactionW.

B. Dielectric function

1. Inclusion of local-field effects at the RPA level

In a crystal, that possesses the lattice translation sym
try, a small electric perturbationE0(q1G,v) having wave
vector q1G and frequencyv produces responsesE(q
1G8,v) of wave vectorsq1G8, the G and G8 being
reciprocal-lattice vectors. The dielectric matrix describi
these responses, is of the formeG8,G(q,v) and it can be
written as

E~q1G8,v!5(
G

eG8,G
21

~q,v!E0~q1G,v!. ~4!

An external macroscopic electric field can be viewed a
perturbation of vanishingly small wave vectorq and, there-
fore, the screening of the external macroscopic field is giv
by the matrix elemente0,0

21(q,v) of the inverse dielectric
matrix. In insulating crystals, this results in a formula for t
macroscopic dielectric function:

e~v!5 lim
q→0

1

eG,G8
21

~q,v!
U

G5G850

, ~5!

which can be rewritten as

e~v!5 lim
q→0

e0,0~q,v!

2 lim
q→0

(
G,G8Þ0

e0,G~q,v!eG,G8
21

~q,v!eG8,0~q,v!.

~6!

The first term of this equation is the interband contribution
the macroscopic dielectric function and the second term r
resents the local-field contribution toe. The determination of
the macroscopic dielectric constant amounts to the comp
tion of the inverse ofeG,G8(q,v). Adler and Wiser22 have
8-2
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derived, essentially by an extension of the RPA, an appr
mation toeG,G8 for longitudinal fields,

eG,G8~q,v!5dG,G82
8p

Vuq1Guuq1G8u

3 (
k,n,m

f n,k2q2 f m,k

enk2q
qp 2emk

qp1v1 id

3^nk2que2 i (q1G)•rumk&

3^mkuei (q1G8)•runk2q&, ~7!

wheren andm are the band indices,f n,k is the zero tempera
ture Fermi distribution, andV is the crystal volume. The
matrix elements^nk2que2 i (q1G)•rumk& are calculated as
described in Ref. 19 in the context of the GW approximati
In this expression, the time dependence of the field was
sumed to bee2 ivt and the small positively defined consta
d guarantees that the matrix elements ofe(v) are analytic
functions in the upper-half-plane. Such a matrix could
separated into an Hermitian parteG,G8

(1) and an anti-Hermitian
part i eG,G8

(2) according to

eG,G8~q,v!5eG,G8
(1)

~q,v!1 i eG,G8
(2)

~q,v! ~8!

with e (2) for positivev given by

eG,G8
(2)

~q,v!5
8p2

Vuq1Guuq1G8u

3 (
k,v,c

^vk2que2 i (q1G)•ruck&

3^ckuei (q1G8)•ruvk2q&

3d~v2eck
qp1evk2q

qp !,
~9!

ande (1) defined by a Kramers-Kronig~KK ! transform as

eG,G8
(1)

~q,v!5dG,G81
2

p
PE

0

`

dv8
v8eG,G8

(2)
~q,v8!

v822v2
.

~10!

It should be noted here that the matrix elements ofe (2) and
e (1) could be chosen to be real if the inversion is contained
the point group of the crystal. The calculation of the he
element limq→0 e0,0

(2)(q,v) and of the wing elements
limq→0 e0,G

(2) (q,v) necessitate special care because the qu
particle energies calculated within the GWA are used to
termine the optical properties of semiconductors. Instead
handling numerically limq→0^vk2que2 iq•ruck&/q, when the
quasiparticle wave functions are to be used, it is reason
to approximate the quasiparticle wave function with t
LDA wave function, and take the limit analytically:25

lim
uqu→0

^vk2que2 iq•ruck&/q5q̂•^vkupuck&/~evk2eck!.

~11!
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Hereevk andeck are the LDA valence and conduction ene
gies for wave vectork, p is the momentum operator, andq̂
5q/q. Indeed, it was shown by inspection that for Si t
LDA and the GW wave functions have more than 99
overlap.23

On the other hand, the size of the dielectric matrix
critical for the convergence of the optical spectrum. We ha
found that a size of 65365 for all systems studied here
good for the convergence of the optical spectra. The ima
nary part of each matrix elementeG,G8

(2) (q→0,v) is evaluated
in energy intervals of 0.1 eV up to 200 eV. Then the ‘‘re
part’’ e (1) is deduced by means of a KK transformation d
fined previously, see Eq.~10!. The linear tetrahedron
method21 is employed to perform the summation over t
Brillouin zone, which appears in Eq.~9!. We use 8000k
points in the full Brillouin zone to calculate the head eleme
and 1000k points to calculate the wing elements and t
body elements. The Hermiticity ofeG,G8

(2) (q→0,v), the time-
reversal symmetry, and the symmetry properties are use
reduce the number of independent matrix elements to
computed.

2. Inclusion of excitonic effects

We follow here another approach for the computation
the optical properties of semiconductors, that allows us
include both the local-field effects and the electron-hole
teraction in the theoretical optical-absorption spectrum. B
cause of the electron-hole interaction, the excited statesul&
of the system are described by a linear combination of f
quasielectron-quasihole pairs

ul&5(
vck

Avck
l uvck&. ~12!

Here,uvck& is defined byuvck&5ack
† avku0& whereu0& is the

ground state andack
† creates a quasielectron in the GW sta

uck&. We limit ourselves to zero-momentum excited sta
and neglect multiply excited states. The electron-hole am
tudesAvck

l and the excitation energiesEl are obtained by
solving an effective two-particle Schro¨dinger equation,
which originates from the Bethe-Salpeter equation26

~eck
qp2evk

qp!Avck
l 1 (

v8c8k8
^vckuJuv8c8k8&Av8c8k8

l
5ElAvck

l ,

~13!

where the kernelJ represents the electron-hole interactio
and eqp are the quasiparticle energies obtained in the G
PAW approximation. The relevant parameters of our cal
lations are the number of valence bandsNv , the number of
conduction bandsNc , and the number ofk pointsNk . The
set of k points belong to a regular grid (2Ngr32Ngr
32Ngr) defined by

k5s1~n1b11n2b21n3b3!/2Ngr , ~14!

where Ngr is the number of divisions along the primitiv
vectorsbi of the reciprocal lattice, theni are integers ranging
from 2Ngr11 to Ngr , ands is a small arbitrary vector tha
shifts the grid slightly from the origin. The symmetry brea
ing vectors produces converged spectra with a limited nu
8-3
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B. ARNAUD AND M. ALOUANI PHYSICAL REVIEW B 63 085208
ber ofk points by avoiding degenerate eigenstates. It sho
be noted that no symmetry reduction holds for thesek points,
making the calculation of the quasiparticle energies with
GW approximation more time consuming.

Following the usual approximation,27 the kernelJ is an
effective interaction, which could be expressed as the sum
two terms. The first termJexch is obtained as the functiona
derivative of the Hartree self-energy with respect to
single-particle Green’s function, while the second termJdir

is expressed as the functional derivative of the self-energ
the GW approximation, neglecting a termG(dW/dG),
which is expected to be small. In the basis of electron-h
pairs, the matrix elements of the exchange termJexch are
given by

^vckuJexchuv8c8k8&523
4p

V (
GÞ0

1

uGu2
^ckueiGruvk&

3^v8k8ue2 iGruc8k8&. ~15!

The volume of the crystal isV5Nk3V, with Nk being the
number ofk points in the sampling over the Brillouin zon
andV the volume of the unit cell. The factor of 2 stems fro
the fact that we are dealing with singlet excited states. T
summation over the reciprocal-lattice vectors is restricted
nonzeroG vectors because the Coulomb interaction witho
the long-range term of vanishing wave vector should be u
to obtain the macroscopic dielectric constant.28 It should be
emphasized that the Bethe-Salpeter equation could be e
solved in the plane-wave basis when retaining only the
change term in the kernelJ. Such a procedure leads to th
expression given by Eq.~7! for the dielectric matrix, making
the connection with the previous part, where the local-fi
effects in the macroscopic dielectric constant were obtai
by inverting the dielectric-function matrix.

The second termJdir is related to the direct screene
electron-hole interaction. We have neglected the energy
pendence ofJdir to facilitate the resolution of the Bethe
Salpeter equation. This approximation results from tak
into account only the static screening of the electron-h
interaction and neglecting any dynamical screening of
electron-hole interaction. It was argued by Bechstedtet al.29

that the dynamical effects of the electron-hole interaction
compensated by the dynamical effects of the renormali
Green’s function. Within this approximation, the matrix el
ments of the screened electron-hole interaction are given

^vckuJdir uv8c8k8&52
4p

V (
G,G8

ẽG,G8
21

~q,v50!

uq1Guuq1G8u

3^v8k8uei (q1G)•ruvk&

3^ckue2 i (q1G8)•ruc8k8&dq,k82k ,

~16!

where the static symmetrized dielectric matricesẽ(q,v50)
are obtained within the RPA. The sizes of the dielectric m
trices are 1373137 for Si and 1693169 for the other semi-
conductors. For a grid specified byNgr54 (83838 mesh!,
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the use of symmetry reduces the number of dielectric ma
ces to be evaluated from 512 to 29. This is because, altho
thek points given by Eq.~14! have no special symmetry, th
difference betweenk and k8 belongs to a regular grid cen
tered at theG point. Whenq50, special attention has to b
paid to the calculation of the matrix elements defined by E
~16!. The divergence of 1/q2 type (G50,G850) is inte-
grated out over a small sphere of volumeVBZ /Nk , where
VBZ is the volume of the Brillouin zone. This divergenc
contributes only notably whenc5c8 andv5v8. The diver-
gence of 1/uqu type (G50,G8Þ0 or GÞ0,G850) is ne-
glected, because its contribution either averages to zer
vanishes quickly in the limit of a large number ofk points
(Nk→`).

Finally, the effective Hamiltonian is diagonalized to o
tain the eigenvectorsAl and eigenvaluesEl , which are nec-
essary ingredients for the computation of the imaginary p
of the dielectric function:16

e (2)~v!5 lim
q→0

8p2

Vq2 (
l

U(
vck

^vkue2 iqruck&Avck
l U2

d~El2v!.

~17!

Since the tetrahedron method can no longer be used to ev
ate e (2)(v), the delta function appearing in Eq.~17! is re-
placed by a Lorentzian function with a finite widthh. On the
other hand, this method, as compared to the previous
suffers from the limited number of bands andk points in-
cluded in the calculation. In computing Eq.~17!, we have
usedNv53, Nc54, andNk5512 (83838 mesh! for all
systems considered here. Such a set of parameters define
maximum size of the Hamiltonian which can be comput
on a sequential computer of 1 Gbyte of memory; it genera
produced a converged optical spectra below 6 eV. Unfo
nately, with this limited set, the real part of the dielectr
function is found to be inaccurate, and its convergence w
require a large number of bands andk points. Moreover, the
solution of the Bethe-Salpeter equation requires an impor
numerical effort because the basis set for the electron-h
wave function contains a large number,Nv3Nc3Nk , of
functions. For the set of parameters specified previously,
number of matrix elementŝvckuJuv8c8k8& to be computed
is about 3.83107. This number can be halved by using th
Hermiticity of the effective Hamiltonian.

III. RESULTS AND DISCUSSION

A. Calculated optical spectra with and without
local-field effects

The dynamical dielectric function of all the semicondu
tors studied here are calculated using the tetrahed
method21 to evaluate the Brillouin-zone summation in E
~9!. To test the accuracy of the all-electron PAW method
have used the LDA energies to compute the imaginary p
of the dielectric function of Si and GaAs without local fie
and we have compared the spectra to the full-potential lin
muffin-tin orbital ~FPLMTO! results.13 Figure 1 shows that
the agreement with the FPLMTO spectra is excellent, a
sets the standard for an accurate LDA calculation of the
8-4
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FIG. 1. Calculated LDA imaginary part of the
dielectric function of Si and GaAs vs photon en
ergy using the PAW method~solid line! and the
FPLMTO method~Ref. 13! ~dashed line!.
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electric function of Si and GaAs. This is encouraging sin
the FPLMTO method is a state-of-the-art first-principl
method for calculating the electronic structure of materia
and in comparison, the PAW formalism is much simpler, b
nevertheless the method does not lose any accuracy.

Before presenting our calculated optical properties
semiconductors, we give some details of how we perform
the calculations of the optical spectra. We have used
GWA quasiparticle energies as well as the so-called scis
operator energy shift to the LDA eigenvalues to compute
dielectric function of Si and diamond. As it will be show
later, we have found that the dielectric function of Si is
most unchanged in the two calculations, and that of diam
changed only slightly near the main peak position. Beca
of this small change of the dielectric function due to the u
of the quasiparticle energies, and because of the high C
cost in obtaining the quasiparticle energies across the w
Brillouin zone, all the other small- and medium-band-g
semiconductor optical properties are computed using o
the scissors-operator shift corresponding to the difference
tween the quasiparticle and LDA energies at theX point,
except for GaAs where we have used a shift between
experimental and LDA energies. This is because for Ga
where the 3d semicore states hybridize significantly with th
valence states, the GW approximation without core polar
tion underestimated the experimental band gap.19

The accuracy of the macroscopic function depends on
convergence of all the elements of the microscopic dielec
matrix. As stated in the previous section we have found t
a matrix of 65 by 65G vectors and the use of 200 bands
the interband transitions produce a well-convergede(v).
Figure 2 shows different elements of the microscopic diel
tric function of silicon versus photon energy up to 70 e
The highest intensity of these elements is at least one o
of magnitude smaller than thee (000),(000) element. We com-
pared our results to the only available results of Gavrilen
and Bechstedt,30 and found that our results are in reasona
agreement with theirs. As for the reason why their imagin
parts of the off-diagonal matrix elementseG,G8 have nonzero
contributions inside the band gap, this is because Gavrile
and Bechstedt have chosen the origin of the reference sy
on one Si atom.31 This choice makes their optical matri
elements complex, and hence the imaginary part of the
diagonal eG,G8 is a mixture of the Hermitian and ant
Hermitian parts.31 The same thing is true for the real pa
The Hermitian part of the dielectric function, the so-call
e1, is nonzero inside the band gap, and hence their imagin
08520
e

,
t

f
d
e
rs
e

-
d
e

e
U
le

ly
e-

e
s,

-

e
ic
at

-
.
er

o
e
y

ko
em

f-

ry

parts of the off-diagonal elementseG,G8 have nonzero con-
tributions inside the band gap. The real and imaginary p
of their diagonal elemente (111),(111) are, respectively, Her-
mitian and anti-Hermitian, and are very close to our resu
The Hermitian and anti-Hermitian off-diagonal parts can
obtained by multiplying the optical matrix elements by t

phase factorei (G2G8)d, whered is the vector representing th
distance between the two atoms, or by choosing the origin
the reference frame of the atoms in the middle of the dista
between the two silicon atoms.

Figure 3 shows the calculated imaginary part of the
electric function of Si, InP, AlAs, GaAs, and diamond vers
photon energies up to 8 eV with and without LF. The
calculations are compared to the experimental results.32–35

For Si and diamond, the gray-dashed curve represents
difference between the calculated optical spectra using
GWA quasiparticle energies and the scissors-operator en
shift to the LDA eigenvalues. As stated above, these spec
differences are small and justify the use of the scisso
operator shift for the calculation of the optical spectra of t
other small- and medium-band-gap semiconductors.

For Si the agreement with the empirical pseudopoten
~EPP! calculation of Louieet al., is good.6 We have found
that the LF effects do not change the peak positions,
systematically reduce the intensities of the so-calledE1 and
E2 peaks.6 Thus, the local-field effects seem to improve t
agreement with experiments concerning the intensity of
E2 peak and the structures in the higher-energy part of
spectrum, and worsen the agreement with experiment reg
ing the low-energy part, where theE1 peak is located. Nev-
ertheless, we find it surprising that our calculations do
agree well with theab initio PP calculations of Gavrilenko
and Bechstedt30 that are supposed to be similar to the e
pirical pseudopotential method calculation. The latter cal
lation found that while the LF underestimates theE1 peak
intensity in agreement with our calculation and EPP, it ov
estimates theE2 peak intensity in disagreement with our ca
culation and with EPP. Gavrilenko pointed out that their o
diagonal elements of the dielectric function were high
oscillating with the increasing size of theG vectors and the
conduction-band index.31 This could be the reason for th
discrepancy, because in our case we did not have any
vergence problem.

The calculated spectrum of Albrechtet al.,16 obtained by
solving the Bethe-Salpeter equation, using the PP metho
a special limit where only local-field effects are included~see
8-5
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FIG. 2. Calculated elements of the real~right
column! and imaginary part~left column! of the
symmetrized microscopic dielectric matri
e(q,v)G,G8 of silicon for the limit q→0 and for
(G1,G2)5 ~000,111!, ~111,111!, and~111,200!.
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Sec. III B!, agrees only qualitatively with our calculation an
with the EPP results.6 Their E18 structure, which is located in
energy above theE2 structure, has a large intensity and d
agrees with our calculation and otherab initio or EPP
calculations.6,13 It is then not clear what makes the ext
reduction of theirE18 peak when the excitonic effects a
included.

For all the other small- , and medium-band-gap semic
ductors, the LF effects do not change the peak positions,
systematically reduce the intensities of the so-calledE1 and
E2 peaks. Hence, as for Si, the LF effects do not improve
agreement between theory and experiment concerning
peak positions and the intensity of theE1 peak. Notice that
for diamond the difference~shown by a gray-dashed curve!
between the optical spectrum calculated using the GW q
siparticle energies and that using the scissors-operator sh
much larger than that of Si. This reflects the deviation of
GWA conduction bands from those obtained using a sim
energy shift of the LDA eigenvalues toward high
energies19 to match the GWA band gap. This differenc
shows that the intensity of theE2 peak of the spectrum cal
culated using the LDA shifted energies is slightly increas
This was also observed by Adolphet al.36 Regarding the LF
effects, our results are not in agreement with Gavrilenko
Bechstedt30 for the same reasons invoked for Si,31 and they
are also in disagreement with the early empirical work
Van Vechten and Martin.37 Indeed, we find that LF effects
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decrease the intensity of theE2 peak without changing its
position and in addition transfer spectral weight from t
low-energy side to the high-energy side, beyond the posi
of theE2 peak. This trend is the same as the one observed
Si, InP, AlAs, and GaAs. Moreover, the comparison of t
optical spectrum of diamond with experiment35 is much
worse than the other smaller-band-gap semiconductors.
is because the small dielectric constant of diamond indica
that excitonic effects are much more important. For exam
most of the large discrepancy between our calculated s
trum and experiment can be attributed to these effects~see
Sec. III B!.

B. Calculated optical spectra including
the electron-hole interaction

As stated earlier, we have usedNv53, Nc54, Nk5512
(83838 mesh!, andh 5 0.30 eV for all the semiconduc
tors, except for diamond, where we usedh 5 0.60 eV. The
choice ofh is such that the agreement of the RPA dielect
functions calculated using this latter method~see Figs. 4 and
5! with those calculated using the tetrahedron method~see
Fig. 3! is optimal.

To make the connection with the previous method
computing the local-field effects, we have neglected the
rect screened interaction termJdir in the effective two-
particle kernel interactionJ and have solved the Bethe
8-6
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FIG. 3. Calculated noninteracting imaginar
part of the dielectric function of Si, InP, AlAs
GaAs, and diamond with~full curve! and without
~dashed curve! local-field effects vs photon en
ergy compared to the experimental data~curve
with empty circles! of Ref. 32 for Si, GaAs, and
diamond, Ref. 33 for AlAs, Ref. 34 for InP, an
Ref. 35 for diamond. The calculations have be
done using the so called scissors-operator ene
shift to the LDA eigenvalues, except for Si an
diamond, where the quasiparticle energies acr
the Brillouin zone have been used. For Si a
diamond, the long-dashed curve represents
difference between the calculation without loca
field effects using the quasiparticle energy acro
the Brillouin zone and that using the rigid energ
shift. This small difference justifies the use of th
scissors-energy shift for the calculation of the o
tical properties.
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Salpeter equation in this limit. This procedure is,
principle, equivalent to the inclusion of LF effects in th
matrix inversion of the standard RPA calculation, i.e., to
previously followed approach. Figure 4 shows the results
the calculation for Si, which can be compared to the res

FIG. 4. Calculated noninteracting imaginary part of the diel
tric function of Si with ~full curve! and without ~dashed curve!
local-field effects versus photon energy compared to the experim
tal data~Ref. 32! ~curve with empty circles!. The local-field effects
are included by solving the Bethe-Salpeter equation in an appro
where the direct screened electron-hole interaction is removed
08520
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shown in Fig. 3. It is very interesting to notice that these t
calculations, although very different in nature, led to t
same results at a semiquantitative level. The LF effects
crease the intensity of theE1 andE2 peaks, and in addition
transfer spectral weight from the low-energy side to the hi
energy side. Moreover, LF effects shift theE2 peak by about
0.06 eV towards higher energies, while the results of
standard RPA calculation, see Fig. 3, indicate that the p
tion of this peak remains unchanged. This small differenc
not really significant and could be traced back to the limit
number ofk points used in the Bethe-Salpeter equation
proach.

Figure 5 shows the calculated imaginary part of the
electric function of Si, InP, AlAs, GaAs, and diamond vers
photon energy up to 8 eV with and without electron-ho
interaction ~excitonic effects!. The calculations, including
the excitonic effects, are in better agreement with the exp
mental results,32–35regarding the absolute and relative inte
sities as well as the peak positions. It should be noted tha
dielectric functions of InP and GaAs, with or without exc
tonic effects, are not fully converged with respect to t
number ofk points. Indeed, we found that a 14314314
mesh is necessary to get converged spectra at the RPA l
Such a large number ofk points cannot be handled whe
including the excitonic effects in the calculation of the d

-

n-

ch
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B. ARNAUD AND M. ALOUANI PHYSICAL REVIEW B 63 085208
FIG. 5. Calculated imaginary part of the d
electric function of Si, InP, AlAs, GaAs, and dia
mond with ~full curve! and without ~dashed
curve! excitonic effects vs photon energy com
pared to the experimental data~curves with
empty circles! of Ref. 32 for Si and GaAs, Ref
33 for AlAs, Ref. 34 for InP, and Ref. 35 fo
diamond. The calculations have been done us
the so-called scissors-operator energy shift to
LDA eigenvalues, except for Si and diamon
where the quasiparticle energies across the B
louin zone have been used. For Si and diamo
the long-dashed curve is the difference betwe
the calculation including excitonic effects usin
the quasiparticle energy across the Brillouin zo
and that using the rigid energy shift.
ha
e
e
ha

w-
th
s
oe
re
s

tiv
ro
g
A
o
a

of

gt
f

.
ou

e
or

ain
m-
k is
is
in

the
9.3
sing

PP

hir-
e-
t

is
the
of
ut
eri-
tion

is
electric function of those compounds. Thus, we believe t
the remaining discrepancy between theory and experim
for InP and GaAs could be attributed to the limited numb
of k points used in the calculation. Figure 5 shows also t
the electron-hole interaction seems to~1! redistribute the os-
cillator strength, i.e., add oscillator strength in the lo
energy part of the optical spectrum and reduce it from
high-energy part and~2! shift the energy peaks toward
lower energies. Notice that the electron-hole interaction d
not significantly change the joint density-of-states compa
to the noninteracting one. It only produces new peak po
tions and intensities due to a constructive and destruc
interference phenomena caused by the mixing of elect
hole pairs in the excited wave function. It is worth noticin
that the dielectric function of Si, obtained using the GW
quasiparticle energies or the scissors-operator shift, is alm
the same. This justifies the use of the scissors-operator
proximation for the calculation of the optical spectra
small- and medium-band-gap semiconductors.

The same tendency of the shift of the oscillator stren
towards the lower photon energy region is also observed
a wide-band-gap semiconductor like diamond, see Fig
However, the position of the main peak is shifted by ab
0.6 eV towards lower photon energy that is about three tim
larger than for small- and medium-band-gap semiconduct
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Despite this large energy shift the agreement of the m
peak with experiment is not fully recovered. Indeed, as co
pared to the experimental main peak, the theoretical pea
still about 0.8 eV higher in energy and it’s intensity
slightly overestimated. Notice that the widening of the ma
peak due to the inclusion of excitonic effects improves
agreement with experiment. The small shoulder around
eV is absent in the more accurate spectrum obtained u
the tetrahedron method~see Fig. 3!; this is also due to the
limitation of thek points in the calculation.

It is of interest to compare our spectra to the recent
results available in the literature.16–18,38For Si and GaAs our
results are in good agreement with those of Benedict, S
ley, and Bohn17 ~BSB!, whereas the agreement with the r
sults of Rohlfing and Louie18 concerning GaAs is somewha
less good. This is probably because the intensity of theirE2

peak at the GW level, without electron-hole interaction,
surprisingly much lower than the experimental one. For
diamond, our optical spectrum differ somewhat from that
BSB.17 The main peak of our spectrum is shifted, by abo
0.8 eV, towards higher photon energies compared to exp
ment whereas theirs is not. However, our onset of absorp
is in good agreement with experiment whereas theirs
shifted by about 0.5 eV towards lower photon energies.
8-8
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LOCAL-FIELD AND EXCITONIC EFFECTS IN THE . . . PHYSICAL REVIEW B 63 085208
The large discrepancy of our spectrum with that of BS
requires a detailed comparison. The model of Hyberts
Levine-Louie~HLL ! used by BSB seems to produce a som
what less effective screening for small electron-hole sep
tion. This resulted in a slightly larger band gaps for larg
band-gap semiconductors.39 The use of the HLL mode
together with the shifted LDA conduction bands to produ
the experimental band gap of diamond could partially
plain the shift of the oscillator strength towards lower phot
energies in their optical spectrum of diamond. Similar do
shift is obtained for their LiF optical spectrum.17 Neverthe-
less, we should stress that we have also calculated the op
spectrum of diamond where the excitonic effects are ca
lated using a model dielectric function, used previously
Gygi and Baldereschi to calculate quasiparticle energie40

We obtained an optical spectrum that is almost identica
that obtained using the RPA dielectric function, except t
the main peak is shifted by about 0.1 eV towards lower p
ton energies. This shift is really small and seems to indic
that the discrepancy between our results and those of B
could not be fully explained by the use of a model dielect
function. It seems that the largest part of the discrepa
happen already at the RPA level. Notice that our calcula
RPA main peak is at 13.13 eV, whereas the correspond
peak of the BSB spectrum is at approximately 12.7 eV~this
number is extracted from their published RPA spectru!.
Thus, at the RPA level, the BSB spectrum is already shif
by about 0.4 eV towards lower energies with respect to o
A 0.4 eV shift at the RPA level, plus a 0.1 to 0.2 eV shift d
to the use of the model dielectric function, corresponds
proximately to discrepancy between the two spectra. The
crepancy at the RPA level explains also why the onse
absorption of their optical spectrum, including the exciton
effects, is shifted by about 0.5 eV towards lower phot
energies with respect to ours and experiment. It is wo
mentioning that a similar unpublished PP calculation us
the GW energies and the RPA screening found the m
peak of diamond is about 0.7 eV too high compared to
periment and in agreement with our calculation.38

The large down shift of BSB RPA spectrum with respe
to our spectrum is probably due to~1! their use of the ex-
perimental band gap to produce shifted conduction bands~2!
the stretch of the valence bands by 7%, but not of the c
duction bands, and~3! the type of pseudopotential could als
contribute at the 0.1 eV level.

Table I gathers the calculated direct band gaps atG, X,
and L using the LDA and GWA where the Coulomb inte
action is screened using the plasmon pole of Engel
Farid,24 as well as the peak positions ofE1 andE2 peaks of
the noninteracting and interacting spectra of Si, InP, AlA
GaAs, and diamond. The calculations are compared to
angle-resolved-photoemission experiments for the ene
band gaps,41–44 and the calculated peak positions are co
pared to these obtained from the experimental opt
spectra.32–34As it can be seen from this table, the direct ba
gaps of Si, InP, and AlAs are in good agreement with
experimental results to within 0.1 eV. For GaAs the situat
is more complicated due to the presence of the 3d semicore
states and the core polarization is shown to have a la
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effect.45 It is for this reason that the experimental ener
shift, as stated earlier, was used to produce the optical s
trum for this system instead of the GWA energy shift.

To conclude this section, it is worth mentioning that t
calculation of excitonic effects is a difficult task. One cann
use an accurate integration method, like the tetrahed
method,21 which has been used to accurately determine
dielectric function at the RPA level~see the previous sec
tion!. Here, we are obliged to make a sum over the excito
states as shown in Eq.~17!, and replace the delta function b
a Lorentzian of a given width. This method of integratio
cannot resolve the fine structures in the optical spectra
tained at low temperatures because of~1! the limited number
of k points and~2! the smearing of the spectra caused by
Lorentzian width. For this reason the suggestion of Card
et al.,46 to make detailed comparisons of theoretical spec
with low-temperature data, remains a challenging task. To
able to resolve fine structures a large number ofk points as
well as a small Lorentzian width are necessary. The la
number ofk points leads to a large excitonic Hamiltonia
making its diagonalization prohibitive on sequential comp
ers.

C. Electron-energy-loss function

Figure 6 shows our calculated electron-energy-loss~EEL!
functions 2Im@e21(q50,v)#0,0 for Si, InP, AlAs, GaAs,
and diamond. The calculations are done within the LDA w
and without the local-field effects. Whenever possible
calculation is compared to available EEL spectra.48,49 The
local-field effects seem to improve the agreement with
periment by reducing significantly the intensity of the ma
peak. The calculated EEL function of diamond is relative
more complicated, it has two maxima at 31.5 and 34.5
and these values are shifted to 31.4 and 35.2 eV, res
tively, when the LF effects are included. The experimen
curve seems to present only one resonance at 32 eV.
discrepancy could be easily due to a small inaccuracy in
calculated dielectric function at these high photon energi

We did not calculate2Im@e21(q50,v)#0,0 for the qua-
siparticle energy because we believe that GWA is not va
at high energies, and as pointed out in Ref. 13, the plas
resonance will be pushed towards higher energies in
agreement with experiment. This is because the electro
structure at higher energy is most probably much better
scribed using the LDA than the GWA because~1! at these
higher energies the scattering of an electron with the ato
potential is small. In this respect, these high electronic sta
can be obtained, most likely, from an almost free-elect
theory.~2! The plasmon-pole model is not valid at these hi
energies.24 It is, however, of interest to mention tha
Soininen and Shirley47 have calculated the EEL function o
diamond, LiF, and GaN including the excitonic effects b
for q not equal to zero. They used the scissors-operato
correct the LDA results instead of using directly the G
band structure. They found that the effect of the scisso
operator shift is canceled out by the excitonic effects.

Table II shows the values of the maxima of the EEL fun
tion compared to the experimental results obtained from
8-9
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TABLE I. Calculated direct band gaps atG, X, andL within the LDA and the GWA for Si, InP, AlAs,
GaAs and diamond compared to the positions of theE1 and E2 peaks in the dielectric function with an
without excitonic effects~in eV!. The calculation of the self-energy is performed using 10 specialk points in
the Brillouin zone and 200 bands. The size of the polarizability matrix is 1373137 for Si, and 1693169 for
the other semiconductors. The number of reciprocal lattice vectors is 283 for Si, 307 for GaAs and AlA
331 for InP and 387 for C. The QP GWA results are obtained using the plasmon-pole model of Enge
~Ref. 24!.

QP energies E1 E2

LDA GW Expt. Noninterac. Interac. Expt. Noninterac. Interac. Expt

Si
Eg(G) 2.51 3.23 3.40a

Eg(L) 2.57 3.35 3.30a 3.68 3.4e

Eg(X) 3.43 4.16 4.15b 4.4 4.18 4.2e

InP
Eg(G) 0.77 1.65 1.42c

Eg(L) 2.38 3.29 3.30a 3.49 3.39 3.22f

Eg(X) 3.70 4.51 4.58a 4.94 4.74 4.73f

AlAs
Eg(G) 1.95 2.97 3.11d

Eg(L) 2.90 3.90 3.92a 4.05 3.99 4.04g

Eg(X) 3.49 4.42 4.54a 5.03 4.78 4.72g

GaAs
Eg(G) 0.38 1.16 1.52a

Eg(L) 1.97 2.72 3.15a 3.2 3.15 3.1e

Eg(X) 3.88 4.57 4.81a 5.0 4.8 4.8e

Diamond
Eg(G) 5.53 7.42
Eg(L) 11.17 13.36
Eg(X) 10.92 12.93 13.13 12.53 11.75h

aReference 41. eReference 32.
bReference 42. fReference 34
cReference 43. gReference 33.
dReference 44. hReference 35.
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EEL experiment48 and from EEL spectra obtained by inver
ing the complex dielectric function.49,50 The free-electron
plasma frequency is also shown for comparison. The pla
resonance of the EEL spectra of Si is in good agreement
experiment and with the free-electron plasma frequen
whereas for GaAs and diamond, the agreement is only a
semiquantitative level. It is, nevertheless, worth mention
that the experimental plasma frequencies of GaAs and
mond are not obtained from the measured EEL spectra
rather form the EEL spectra obtained by inverting the co
plex dielectric functions. The experimental plasma frequ
cies may then be less accurate because the complex diele
function is obtained from the reflectivity spectra usi
Kramers-Kronig relations. This may explain part of the d
crepancy with our calculations.

D. The static dielectric constant

The electronic static dielectric functione` , with or with-
out local-field effects, is computed using the Krame
Kronig relations. The calculations were produced using
RPA dielectric function by performing analytically the lim
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q→0. Table III presentse` for all semiconductors studied
here and compares them to other calculations7–13,51,52 and
with available experimental results.41 To illustrate our data
and stress the agreement with experiment we show in Fi
our results versus experiment and the PP results includ
both LF effects and the exchange-correlation kernel.7–9,12 A
perfect agreement with experiment is achieved when
calculated value is on the dashed line. Becausee` is a
ground-state property, we expect,naively, that the calcula-
tion using the LDA and including the LF effects would pro
duce the experimental results. However, we observe only
improvement due to this effect. It is important to mentio
that our calculation neglects the exchange-correlation con
bution to the static dielectric function. To include this co
tribution one basically has to compute the exchan
correlation kernel Kxc(r ,r 8)5]2Exc /]r(r )]r(r 8)
5dVxc /drur(r )d(r2r 8), where Exc and Vxc are the
exchange-correlation energy and potential, respectively,
r(r ) is the charge density atr . The calculation ofKxc is
much more complicated in an all-electron than in a
method, since one has to determine the matrix of the Ke
8-10
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FIG. 6. Calculated electron-energy-loss fun
tion with ~solid line! and without local-field ef-
fects~dashed line! of small-, medium-, and large
band-gap semiconductors: Si, InP, AlAs, GaA
and diamond compared to available experimen
results~solid line with open circle! of Ref. 48 for
Si, and Ref. 49 for diamond.
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in the Fourier space. The fast Fourier transform converge
of the exchange-correlation kernel with the number ofG
vectors is very slow because of the oscillating nature of
full charge density in real space. Fortunately, it can be sho
that the effects of the exchange-correlation kernel within
LDA is to increase slightly the static dielectric function wi
respect to that including the LF effects. This is because
Kxc is negative definite.7 Without doing any calculation, the
inclusion of theKxc is expected to increase the dielectr
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function, and thus worsening the agreement with experim
Such an effect is shown in Fig. 7, where the static dielec
function, as obtained using the PP method,7–9,12 including
both the exchange-correlation kernel and the LF effects
represented by the plus signs. The exchange-correlation
nel increases the value ofe` including the LF effects by at
most 6.4% for diamond.8 This is to be compared to the LF
effects that reduce the LDA values by as much as 14%
AlAs. It is then tempting to attribute the remainder of th
-loss
plasma
TABLE II. Influence of the LF on the energy position of the plasmon peak of the electron-energy
spectra. Our calculations are compared to available experimental results and to the free-electron
frequency~in eV!.

Material LDA LDA1LF Free electron Expt.

Si 16.6 16.5 16.6 16.4a, 16.9b

InP 15.5 15.0 14.8
AlAs 16.45 15.8 15.8
GaAs 16.8 16.4 15.6 14.7a

Diamond 31.5 and 34.5 31.4 and 35.2 31.2 32c

aReference 50.
bReference 48.
cReference 49.
8-11



B. ARNAUD AND M. ALOUANI PHYSICAL REVIEW B 63 085208
TABLE III. Effects of the LF and the QP shifts in the macroscopic dielectric constante` compared to
other calculations and to experiments~the experimental data are from Ref. 41!.

Material LDA LDA1LF QP shift QP shift1LF Expt.

Si 13.78 ~13.41a, 13.6b! 12.39 ~12.04a, 12.2b! 11.82 10.68 11.7
~13.8c, 13.75d! ~12.4c, 12.8e!

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 ~14.44e, 14.17f! 12.73 ~13.1e! 11.15 10.00 10.9
Diamond 5.90 ~6.06b! 5.47 ~5.62b, 5.5e! 5.15 4.80 5.7

aReference 7. dReference 13.
bReference 8. eReference 51.
cReference 11. fReference 52.
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discrepancy with experiment to the LDA.53 Notice, however,
that for a large band-gap semiconductor, like diamond,
LDA results including the LF effects are in good agreem
with experiment. This trend was also observed by ot
researchers.13,54

On the other hand, the quasiparticle computation ofe` is
of importance, since the results can be directly compare
these obtained within the LDA. A comparison with expe
ment will show whether the electron-hole interaction is i
portant or not. It is of importance to point out that when t
static dielectric function is calculated using GWA energi
including the LF effects, the calculation underestimates
experimentale` for all the semiconductors studied here r

FIG. 7. Calculated static dielectric function compared to exp
mental results and with the PP results including the local-field
fects and the exchange-correlation kernel~Ref. 7 for Si, Ref. 9 for
AlAs, Ref. 12 for GaAs, and Ref. 8 for diamond!. The PP results
are represented by the plus signs. The open circles represen
LDA values without local-field effects~LF!, the filled circles the
LDA values with LF, and the up triangles the LDA without LF bu
with an energy shift corresponding to the GW correction of
direct band gap at theX point, the empty up triangles are the LD
values with the GW energy shift and the LF~see the text!. A perfect
agreement with experiment is achieved when a calculated valu
on the dashed line. Notice that when the GW energy shift and
LF are included, the calculation underestimates the static diele
constant for all these semiconductors regardless of the size o
band gap. This suggests the importance of the excitonic effe
which are expected to produce a positive correction leading
better agreement with experiment.
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gardless of the size of the band gap or the type of semic
ductor. This suggests the importance of the excitonic effe
which are expected to produce a positive contribution, le
ing to a better agreement with experiment. This positive c
tribution arises from the transfer of the oscillator streng
towards lower photon energies. In the case of large-band-
material like the diamond, where the static dielectric functi
within LDA including LF effects agrees nicely with exper
ment, the excitonic contribution is expected to cancel out
QP correction. It is however unfortunate that we cannot c
verge the static dielectric function including the exciton
effects. Our estimation suggests that its convergence requ
a large number of bothk points and bands, making the siz
of the excitonic Hamiltonian exceedingly large. It is howev
interesting to mention that a recent calculation by Cha
et al., found that the excitonic effects increase the calcula
GW static dielectric ofa quartz leading to an excellen
agreement with the experimental result.55

IV. CONCLUSION

We have used our previously implemented GWA with
the all-electron PAW method to study the optical propert
of some small-, medium-, and large-band-gap semicond
tors: Si, InP, AlAs, GaAs, and diamond. In general, the
clusion of the QP energy shift and the LF effects improv
only slightly the agreement with experiment. In particula
the LF effects reduce the intensities of the so-calledE1 and
E2 peaks without changing their energy positions. This
duction of the peak intensity worsens the agreement for
E1 peak but improves it for theE2 peak. This trend is ob-
served for all the studied semiconductors and is found to
in agreement with the EPP calculation of Louieet al.6 The
QP energy shift pushes the calculated peaks towards hi
energies in agreement with experiment.

The inclusion of the excitonic effects produces an exc
lent agreement with the experimental data, i.e., the ag
ment with experiment concerning the positions and inten
ties of these peaks is recovered, except for diamond wh
the agreement was at the semiquantitative level. Thus,
shift of the peaks towards higher energy, when the GW
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energies are used, is canceled out by the excitonic effec
The static dielectric functione` , with or without local-

field effects, is computed by means of the Kramers-Kro
relations. The calculations were performed using the R
dielectric function by performing analytically the limitq
→0. Because the static dielectric function is a ground-s
property, one may naively expect that a calculation using
LDA and including the LF effect would describe the expe
mental results. However, our calculations and other
calculations7–9,12 indicate that for small- and medium-ban
gap semiconductors, we observe only an improvement du
the LF effects. Thus, we concluded that the remainder of
discrepancy is due to the use of the LDA.53 However, for
large-band-gap semiconductors, the LDA results includ
the LF effects are found to be in good agreement with
periment.

On the other hand, the QP calculation, when both
,

cs

tt

l

ev

tt.
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GWA energy shift and LF effects are included, underes
mates the static dielectric function for all the semiconduct
studied here. This suggests the importance of the excito
effects, which are expected to increase the static dielec
function.55 At the present time, the excitonic effects in th
static dielectric function cannot be accurately determined
cause of the large number of bothk points and bands re
quired for its convergence.
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