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Electron-hole excitations in Mg2Si and Mg2Ge compounds
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The recently implemented all-electronGW approximation shows that the conduction band quasiparticle
energies of Mg2Si and Mg2Ge compounds are shifted by a constant energyD toward higher energies compared
to the local-density approximation results whereas the valence bands remain unchanged. Including excitonic
effects considerably improves the optical spectra peak positions and their intensities obtained within the
random-phase approximation. The calculation predicts a low energy structure that is present in the experimen-
tal optical spectrum of Mg2Ge but remains to be observed for Mg2Si.

DOI: 10.1103/PhysRevB.64.033202 PACS number~s!: 71.15.Mb, 78.20.Ci
or

y
nc

he
s
a
s
m
e

ac
th
b
te
e

ly

of
e
n.
a
ic
up
-
et
th
d
si

on

n

e
-
t-

Ge
rest
brid
ep-
inc-
and
in

ials

nic
by

of
with
all-,

e

on-
the
ld
reat

tical

d
QP
by a

on
c-
he
e,

sing

a
the
ix
The electronic structure of conventional semiconduct
is well described by means of the so-calledGW approxima-
tion of Hedin.1 In this approximation the electron self-energ
operator is approximated by the product of the Green’s fu
tion G and the screened Coulomb interactionW and the cal-
culation isnot self-consistent. It was argued, at least in t
case of a homogeneous electron gas, that this success i
to a strong compensation between the vertex corrections
the effect of the self-consistency.2 Nevertheless, this issue i
still debated in the literature, and recent calculations by U
mels et al.3 show that, while the first-order vertex and th
self-consistency corrections to the polarizability cancel e
other, this is not the case for the first-order corrections to
GW gap of silicon and germanium. It was also argued
Farid that the excitation energies of an inhomogeneous in
acting system cannot be achieved without including the v
tex part of the self-energy.4

Because it is computationally difficult to perform tru
self-consistentab initio quasiparticle~QP! calculations in-
cluding vertex corrections it is crucial to study a variety
compounds within theGW approximation to determine th
validity and limitations of this successful approximatio
Furthermore, an accurate knowledge of the QP excited st
is a necessary ingredient for the determination of the opt
spectra of materials. Indeed, it was shown by several gro
usingab initio pseudopotential5–7 and more recently an all
electron basis set,8 that the discrepancy between the theor
ical and experimental optical spectra is recovered when
QP energies and the electron-hole interaction are include
the calculation. These advances in computational phy
have triggered further interest inab initio computation of
optical properties of materials. In particular, theGW ap-
proximation together with the Bethe-Salpeter equation~BSE!
has been used to study the optical spectra of conventi
semiconductors,5–9 conjugated polymers,10,11 insulators,6,7

hydrogenated Si clusters,12 a-quartz,13 the Ge(111)-231
surface,14 and molecules.15

In this Brief Report, we extend the all-electronGW ap-
proximation and the BSE to study the effects of correlatio
on the electronic properties of Mg2Si and Mg2Ge as well as
the local-field and electron-hole interaction effects on th
optical spectra. Mg2Si and Mg2Ge are semiconductors hav
ing the antifluorite structure16 and can be viewed as superla
0163-1829/2001/64~3!/033202~4!/$20.00 64 0332
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tices of alternating metallic Mg and semiconducting Si or
monolayers, respectively. These compounds are of inte
because they form the simplest metal-semiconductor hy
materials, and determination of their optical properties r
resents the first extension beyond the study of the z
blende semiconductor class of materials. Their energy b
gaps are relatively small leading to interband transitions
the visible region. The optical properties of these mater
were extensively studied in the late 1960s;16–19unfortunately
only empirical pseudopotential calculation of the electro
structure and the dielectric function have been attempted
Au-Yang and Cohen.20

In this study we used our recently implementedGW
approximation1 in conjunction with the all-electron full-
potential projector augmented wave~PAW! method21 to de-
termine the electronic structure and the dielectric function
these compounds. Our method has been previously used
success to compute the electronic structure of some sm
medium-, and large-band-gap semiconductors.22 We have
shown that theGW-PAW method accounts for most of th
discrepancy between the local-density approximation~LDA !
and experiment regarding the energy positions of the c
duction states. The extension of this method to compute
optical spectra of semiconductors including the local-fie
effects and the electron-hole interaction has also been a g
success, since the results compared nicely with the op
spectra of semiconductors.8 The dynamical dielectric func-
tion is computed with and without the local-field an
electron-hole interaction effects. The conduction state
energies are assumed to be the LDA eigenvalues shifted
constant energyD calculated by means of theGW approxi-
mation. As will be shown later, this is a good approximati
since theGW band structure along the high symmetry dire
tion can be produced from the LDA results by adding t
energy shiftD to the LDA conduction states. Furthermor
the optical spectra of Si and diamond obtained using theGW
QP energies were almost identical to those obtained u
shifted LDA energies.8

Quasiparticles within the GW approximation.As de-
scribed elsewhere22 we can find the excitation energies of
material by solving a QP equation instead of locating
poles of the Green’s function. After calculating the matr
elements of the self-energy operatorS(r ,r 8,enk

qp) between
©2001 The American Physical Society02-1
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BRIEF REPORTS PHYSICAL REVIEW B 64 033202
LDA orbitals, the QP energiesenk
qp are determined using

first-order perturbation theory to the QP equation,

enk
qp5enk

LDA1^CnkuS~r ,r 8,enk
qp!uCnk&

2^CnkuVxc
LDA~rv~r !!uCnk&,

where enk
LDA and Cnk are the LDA eigenvalues and wav

function, respectively, andVxc
LDA is the LDA exchange-

correlation potential for valence electrons of densityrv . In
theGW approximation,S is approximated by a convolutio
with respect to the frequency variable of the Green’s fu
tion G, with the screened interactionW calculated within the
random-phase approximation~RPA!. Usually the LDA ei-
genvalues are used inG; however, we have found that whe
updating the energies inG by the first estimated QP energie
theGW approximation provides QP energies that are in b
ter agreement with experiment.8 Thus, the calculated QP
band gaps, using the updatedG, are slightly larger than thos
reported earlier22 for Mg2Si.

The Mg2X compounds, whereX5Si or Ge, are semicon
ducting and crystallize in the antifluorite structure. T
primitive unit cell contains anX atom at the~0,0,0! posi-
tion and two equivalent Mg atoms at the (a/4)(111) and
(3a/4)(111) positions, wherea is the lattice parameter. Ban
structure calculations were performed using the experime
lattice parameters of 6.39 Å and 6.378 Å for Mg2Si and
Mg2Ge, respectively. A cutoff energy of 20 Ry for the e
pansion of the plane waves was used, which correspond
645 reciprocal lattice vectors, and it is found to be sufficie
for the convergence of the LDA results. TheGW QP ener-
gies were obtained using the plasmon-pole model of En
and Farid.23 The model parameters were determined by
agonalizing 3313331 polarizability matrices. We found tha
two specialk points and 200 bands are enough for the c
vergence of the QP energies.

Table I compares the LDA, theGW approximation, and
the experimental results for the direct and indirect band g
at G, X, and L of Mg2X compounds. In the absence of
photoemission experiment, the calculations are compare

TABLE I. Quasiparticle lowest energy band gaps of Mg2Si and
Mg2Ge in eV compared to the LDA results and experiment.

LDA GW Expt.a

Mg2Si
G15v→G1c 1.55 2.20 2.1
L3v8 →L3c 3.17 3.76 3.7
X5v8 →X1c 2.19 2.85 2.5
G15v→X1c 0.12 0.65 0.66–0.78b

Mg2Ge
G15v→G1c 0.90 1.63 1.6
L3v8 →L1c 1.47 2.23 2.1
L3v8 →L3c 3.29 3.92 4.1
G15v→X1c 0.03 0.50 0.57–0.74c

aReference 17 unless otherwise indicated.
bReference 18.
cReference 19.
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the experimental results deduced from the reflectiv
spectra,17 despite the fact that the experimental results
clude excitonic effects. In both the LDA and theGW ap-
proximation, the maximum of the valence states is atG
whereas the minimum of the conduction states is atX, which
makes these compounds indirect-band-gap semiconduc
in good agreement with experiment. The size of the band
is well reproduced by theGW method for the Mg2Si com-
pound; however, it is slightly underestimated for the Mg2Ge
compound. It is important to mention that the spin-orbit co
pling has been ignored in our calculation. This seems to b
good approximation since the splitting of theG15v is
estimated17 to be only about 0.03 eV for Mg2Si, and 0.2 eV
for Mg2Ge. In the latter, the spin-orbit coupling slightly re
duces theGW approximation band gap, worsening the agre
ment with experiment at the 0.1 eV level.

When calculating the band structures of Mg2Si and
Mg2Ge along the high symmetry direction we noticed th
the valence bands are almost unchanged in both calcula
whereas theGW conduction bands can be deduced from t
LDA bands by a rigid energy shiftD over the whole Bril-
louin zone. TheD values that can be extracted from the ba
structure plots are 0.62 eV and 0.70 eV for Mg2Si and
Mg2Ge, respectively. These values are used to correct
LDA eigenvalues to be used in the calculation of the diel
tric function of these compounds.

Local field and excitonic effects.The calculation of the
dielectric function is done as described in our recent pap8

Here we outline the method of calculation that includes
local-field effects and the electron-electron interaction. Fi
the electron-hole amplitudesAvck

l and the excitation energie
El are obtained by solving an effective two-particle Sch¨-
dinger equation, which originates from the BSE,24

~eck
qp2evk

qp!Avck
l 1 (

v8c8k8
@2 Jvck,v8c8k8

exch ds,0

1Jvck,v8c8k8
dir

#Av8c8k8
l

5ElAvck
l ,

whereJvck,v8c8k8
exch are the exchange matrix elements~present

for singlet excitons,s50, only! of the bare Coulomb inter-
actionv̄ without the long range term of vanishing wave ve
tor

Jvck,v8c8k8
exch

5E drdr 8Cvk~r !Cck* ~r !v̄~r ,r 8!

3Cv8k8
* ~r 8!Cc8k8~r 8!,

andJvck,v8c8k8
dir are the matrix elements of the static screen

interactionW calculated within the RPA

Jvck,v8c8k8
dir

52E drdr 8Cvk~r !Cck* ~r 8!W~r ,r 8,v50!

3Cv8k8
* ~r !Cc8k8~r 8!.

The relevant parameters of our calculations are the num
of valence bandsNv , the number of conduction bandsNc ,
and the number ofk pointsNk . The set ofk points belong to
2-2
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BRIEF REPORTS PHYSICAL REVIEW B 64 033202
a regular grid that is rigidly shifted slightly from the hig
symmetry planes of the Brillouin zone. The small symme
breaking vector produces converged spectra with a lim
number ofk points by avoiding degenerate eigenstates.

The numerical effort for solving the BSE is large, becau
the basis set for the electron-hole wave functions has at l
104 functions, which brings the number of matrix eleme
Jvck,v8c8k8 to 108. For a system where the number of v
lence bands isNv , the number of conduction bands isNc ,
and the number of of Brillouin zone points isNk ,the number
of matrix elements to be evaluated is@Nv3Nc3Nk#

2. For
example, for Mg2Si, with three valence bands and four co
duction bands, we need up to 512k points and a lifetime
broadening of 0.24 eV to obtain a good optical spectru
The inclusion of the excitonic effects in the optical spectru
of Mg2Si necessitates the evaluation of 3.83107 matrix ele-
ments. This number can be reduced to 1.93107 by using the
Hermiticity of the Hamiltonian matrix. This Hamiltonian i
then diagonalized to obtain the eigenvectorsAl and eigen-
valuesEl that are necessary for the calculated imaginary p
of the dielectric function

e (2)~v!5 lim
q→0

4p

V
3

1

q2
3(

l
U(

vck
^vkue2 iq.ruck&Avck

l U2

3d~El2v!.

Results and discussion.The Mg2X (X5Si or Ge! com-
pounds are characterized by large static dielectric functi
e` . We inverted the dielectric functions directly to dete
mine their static dielectric function. The LDA without loca
field effects produces values of 18.4 and 19.01 for Mg2Si
and Mg2Ge, respectively. When the local-field effects a
included these values are drastically reduced to to 13.71
13.62, respectively. Thus the local-field effects bring the
results in to better agreement with the experimental resu16

of 12.9 and 13.3.
Figure 1 shows our calculated dielectric function inclu

ing the local-field and excitonic effects for Mg2X (X5Si or
Ge! compared to the RPA dielectric function and to the e
perimental results of Scouler.16 The limitation of the number
of conduction bands is dictated by the large size of the e
tonic Hamiltonian. The RPA optical spectra show three p
nounced structures that we labeledE1 , E2, and E3 by in-
creasing photon energy@see Fig. 1#. The onset of absorption
E0 is associated with theG15→G1 transition of about 2.2 eV
for Mg2Si and 1.63 eV for Mg2Ge. The tail below the onse
of absorption is due to the lifetime broadening effect wh
mimics the self-energy contribution. The three structures
the optical spectra, by increasing photon energy, are ass
ated with the following interband transitions across the B
louin zone:L38→L1, (X58→X1 and X58→X3), and L38→L3,
respectively. The assignment of the origin of the peaks is
good agreement with the empirical PP calculation of A
Yang and Cohen. The positions of the peaks are show
Table II and are found to be in a fairly good agreement w
experiment. It is worth mentioning that our calculation of t
excitonic effects shows that the main peak is shifted by ab
0.2 eV toward lower photon energies for both compounds
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good agreement with experiment, whereas the position
theE1 andE3 peaks are less affected. The similarity of the
results to those obtained for III-V semiconductors
striking,8 i.e., we observe a shift of the oscillator streng
toward lower energies. In particular, theE1 intensity in-
creases, whereas the intensities ofE2 andE3 decrease. Ac-
cordingly, the comparison with experiment is much bet
when the excitonic effects are included, especially near
E2 structure and somewhat around theE3 structure.

It is surprising, however, that theE1 structure is almost
invisible in the Mg2Si experimental spectrum, although it

FIG. 1. Calculated imaginary part of the dielectric function
Mg2Si and Mg2Ge within the RPA~dashed curve! and including
both the local-field effects ande-h interaction~solid curve! com-
pared to the experimental spectrum~Ref. 16!.

TABLE II. Peak positions in eV in the calculated RPA~nonin-
teracting! and excitonic~interacting! optical spectra of Mg2Si and
Mg2Ge compared to experiment~Ref. 16!.

Mg2Si Mg2Ge
RPA Interacting Expt. RPA Interacting Expt.

E0 2.2 1.64
E1 2.5 2.47 2.45 2.48 2.43 2.50
E2 3.1 2.96 2.88 3.3 3.12 3.0
E3 3.73 3.75 3.83 3.96 4.05 4.05
2-3
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BRIEF REPORTS PHYSICAL REVIEW B 64 033202
already well visible at the RPA level, and much amplified
the excitonic spectrum. If we take into account the go
agreement of the calculated III-V semiconductor opti
spectra with experiment and the similarity of these spe
with those of Mg2Si and Mg2Ge, it is tempting to attribute
the discrepancy between the theory and the experiment to
way the experimental spectra are extracted. Indeed, Sco
deduced the imaginary part of the dielectric function fro
reflectivity spectra that were measured only up to 11 eV.
perform a Kramers-Kronig transform accurately one need
know the reflectivity spectrum up to high photon energi
To produce the high energy part of the reflectivity, Scou
used a parametrized tail to produce the continuity of the
flectivity and its correct phase factor at lower energi
Scouler recognized, however, that the positions and inte
ties of the peaks could be sensitive to the choice of the
parameters. While this observation may explain the discr
ancy between theory and experiment for Mg2Ge, we do not
believe that it will explain that of Mg2Si, especially around
the E1 peak. It is thus of interest to determine the dielect
function of Mg2Si from an ellipsometry measurement.

Conclusion.We have used our previously implement
GW approximation in conjunction with the all-electron PAW
method to study the electronic structure and optical prop
ties of Mg2Si and Mg2Ge. The electronic structures withi
ys
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the GW approximation are in good agreement with the e
perimental results concerning the direct band gaps atG, L,
and X. In addition, theGW valence bands are in excellen
agreement with these obtained in the LDA, whereas the c
duction bands are shifted towards higher energies by a c
stant energyD independent of thek point in the Brillouin
zone. We then used the shifted LDA energies to calculate
optical spectra with and without local-field and excitonic e
fects and found that the local-field effects drastically redu
the static dielectric function of both compounds from th
LDA values in good agreement with experiment. We did n
determine the effect of the excitonic effects one` because
our calculated real part of the dielectric function is not w
converged due to the limited size of the electron-hole Ham
tonian. As for the comparison of the calculated optical sp
tra with experiment, as in III-V semiconductors, the ex
tonic effects shift the oscillator strength toward lower phot
energies, and the reconstruction of the spectra is due to
structive and destructive interference phenomena cause
the mixing of electron-hole pairs in the excited wave fun
tion.
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