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Electron-hole excitations in Mg,Si and Mg,Ge compounds
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The recently implemented all-electrdBW approximation shows that the conduction band quasiparticle
energies of MgSi and MgGe compounds are shifted by a constant en&rggward 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 MgsSe but remains to be observed for Mi.
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The electronic structure of conventional semiconductorgices of alternating metallic Mg and semiconducting Si or Ge
is well described by means of the so-callBdlV approxima-  monolayers, respectively. These compounds are of interest
tion of Hedin? In this approximation the electron self-energy because they form the simplest metal-semiconductor hybrid
operator is approximated by the product of the Green’s funcmaterials, and determination of their optical properties rep-
tion G and the screened Coulomb interacthand the cal- resents the first extension beyond the study of the zinc-
culation isnot self-consistent. It was argued, at least in theblende semiconductor class of materials. Their energy band
case of a homogeneous electron gas, that this success is dyaps are relatively small leading to interband transitions in
to a strong compensation between the vertex corrections arnltie visible region. The optical properties of these materials
the effect of the self-consistenéNevertheless, this issue is were extensively studied in the late 1966s!°unfortunately
still debated in the literature, and recent calculations by Umonly empirical pseudopotential calculation of the electronic
mels et al® show that, while the first-order vertex and the structure and the dielectric function have been attempted by
self-consistency corrections to the polarizability cancel eactu-Yang and Coher®
other, this is not the case for the first-order corrections to the In this study we used our recently implement€dV
GW gap of silicon and germanium. It was also argued byapproximatioh in conjunction with the all-electron full-
Farid that the excitation energies of an inhomogeneous intepotential projector augmented wa@@AW) method* to de-
acting system cannot be achieved without including the vertermine the electronic structure and the dielectric function of
tex part of the self-enerd. these compounds. Our method has been previously used with

Because it is computationally difficult to perform truly success to compute the electronic structure of some small-,
self-consistent@ab initio quasiparticle(QP) calculations in- medium-, and large-band-gap semiconductérsVe have
cluding vertex corrections it is crucial to study a variety of shown that theGW-PAW method accounts for most of the
compounds within thé5W approximation to determine the discrepancy between the local-density approximatidpA )
validity and limitations of this successful approximation. and experiment regarding the energy positions of the con-
Furthermore, an accurate knowledge of the QP excited statekiction states. The extension of this method to compute the
is a necessary ingredient for the determination of the opticabptical spectra of semiconductors including the local-field
spectra of materials. Indeed, it was shown by several groupgffects and the electron-hole interaction has also been a great
using ab initio pseudopotentiaf’ and more recently an all- success, since the results compared nicely with the optical
electron basis sétthat the discrepancy between the theoret-spectra of semiconductotsThe dynamical dielectric func-
ical and experimental optical spectra is recovered when thgon is computed with and without the local-field and
QP energies and the electron-hole interaction are included ialectron-hole interaction effects. The conduction state QP
the calculation. These advances in computational physicenergies are assumed to be the LDA eigenvalues shifted by a
have triggered further interest iab initio computation of constant energ@ calculated by means of th@W approxi-
optical properties of materials. In particular, t&W ap-  mation. As will be shown later, this is a good approximation
proximation together with the Bethe-Salpeter equat®8E) since theGW band structure along the high symmetry direc-
has been used to study the optical spectra of conventionéibn can be produced from the LDA results by adding the
semiconductors;® conjugated polymer®!! insulators>’  energy shiftA to the LDA conduction states. Furthermore,
hydrogenated Si clustet$, a-quartz'® the Ge(111)-X1 the optical spectra of Si and diamond obtained using3hé
surface* and molecule$® QP energies were almost identical to those obtained using

In this Brief Report, we extend the all-electr@W ap-  shifted LDA energie$.
proximation and the BSE to study the effects of correlations Quasiparticles within the GW approximatiols de-
on the electronic properties of M§i and MgGe as well as  scribed elsewheféwe can find the excitation energies of a
the local-field and electron-hole interaction effects on theirmaterial by solving a QP equation instead of locating the
optical spectra. MgSi and MgGe are semiconductors hav- poles of the Green’s function. After calculating the matrix
ing the antifluorite structuf€ and can be viewed as superlat- elements of the self-energy operafd(r,r’,elf) between
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TABLE I. Quasiparticle lowest energy band gaps ofJ8gand  the experimental results deduced from the reflectivity

Mg,Ge in eV compared to the LDA results and experiment. spectra,’ despite the fact that the experimental results in-
clude excitonic effects. In both the LDA and tl@&W ap-
LDA GW Expt? proximation, the maximum of the valence states isl'at
Mg,Si whereas the minimum of the conduction states iX,athich

makes these compounds indirect-band-gap semiconductors,

r r 1.55 2.20 2.1 . . . -

1570 e in good agreement with experiment. The size of the band gap
Ls,—Lac 3.17 3.76 37 . .

; is well reproduced by th&W method for the MgSi com-
Xg,— X 2.19 2.85 25 _ i .
T v X 0.12 0.65 0.66—0.F8 pound; however, it is slightly underestimated for the JéGg

1™ e : MOLG : DAt compound. It is important to mention that the spin-orbit cou-

92€ pling has been ignored in our calculation. This seems to be a

F}ﬁ)_’rlc 0.90 1.63 1.6 good approximation since the splitting of thEs, is
'-§v%'-1° 147 2.23 21 estimated’ to be only about 0.03 eV for Mgi, and 0.2 eV
Lg,—Lac 3.29 3.92 4.1 for Mg,Ge. In the latter, the spin-orbit coupling slightly re-
15— Xac 0.03 0.50 0.57-0.74 duces thes W approximation band gap, worsening the agree-

ment with experiment at the 0.1 eV level.

When calculating the band structures of )8§ and
Mg,Ge along the high symmetry direction we noticed that
the valence bands are almost unchanged in both calculations
whereas th& W conduction bands can be deduced from the
LDA bands by a rigid energy shifA over the whole Bril-
louin zone. The\ values that can be extracted from the band

8Reference 17 unless otherwise indicated.
bReference 18.
‘Reference 19.

LDA orbitals, the QP energies’f are determined using a
first-order perturbation theory to the QP equation,

€dp LDA L i IS (r 1" €9P) W structure plots are 0.62 eV and 0.70 eV for )&g and
=enc (W 20 i |V i) Mg,Ge, respectively. These values are used to correct the
— (Wl Vg™ Pv(f))l‘I’nk>, LDA eigenvalues to be used in the calculation of the dielec-

oA _ tric function of these compounds.

where e, and ¥, are the LDA eigenvalues and wave | ocal field and excitonic effectdhe calculation of the
function, respectively, and/s>” is the LDA exchange- dielectric function is done as described in our recent péper.
correlation potential for valence electrons of dengity In  Here we outline the method of calculation that includes the
the GW approximation. is approximated by a convolution local-field effects and the electron-electron interaction. First,
with respect to the frequency variable of the Green’s functhe electron-hole amplitude!xg\ck and the excitation energies
tion G, with the screened interactioff calculated within the  EM gre obtained by solving an effective two-particle Sehro
random-phase approximatiaiRPA). Usually the LDA ei-  dinger equation, which originates from the BSE,
genvalues are used {B; however, we have found that when
updating the energies 1@ by the first estimated QP energies,
the GW approximation provides QP energies that are in bet-
ter agreement with experimehtThus, the calculated QP _
band gaps, using the updat&dare slightly larger than those + ES'Crk’U,C,k,]A
reported earliéf for Mg,Si. —exen _

The Mg,X compounds, wherX=Si or Ge, are semicon- Where=E ;' ,... are the exchange matrix elemefpsesent
ducting and crystallize in the antifluorite structure. Thefor singlet excitonss=0, only) of the bare Coulomb inter-
primitive unit cell contains arX atom at the(0,0,0 posi-  actionv without the long range term of vanishing wave vec-
tion and two equivalent Mg atoms at the/4)(111) and tor
(3a/4)(111) positions, wherais the lattice parameter. Band

ap__ = exch
(€= DA+ ,E” [2 2, ckorcrkr 950
v'c'k

=E,A}

v'c’k’ vek

structure calculations were performed using the experimental —exch , T

lattice parameters of 6.39 A and 6.378 A for M and ocko'c'k! T fdrdr VoW a(no(r,r’)

Mg,Ge, respectively. A cutoff energy of 20 Ry for the ex- N ) )

pansion of the plane waves was used, which corresponds to XW o (P Wene (r'),

645 reciprocal lattice vectors, and it is found to be sufficient gz are the matrix elements of the static screened
for the convergence of the LDA results. TEW QP ener- —uck,p’clk!

gies were obtained using the plasmon-pole model of Engépteractlonw calculated within the RPA

and Faric®® The model parameters were determined by di-

agonalizing 33k 331 polarizability matrices. We found that Egicrkv,c,k, f drdr’ W, (NPE(r"YW(r,r’,w=0)
two specialk points and 200 bands are enough for the con- ’
vergence of the QP energies. XU, (D)W ().

Table | compares the LDA, th& W approximation, and
the experimental results for the direct and indirect band gap¥he relevant parameters of our calculations are the number
atI', X, andL of Mg,X compounds. In the absence of a of valence band#\, , the number of conduction band.,
photoemission experiment, the calculations are compared tnd the number df pointsN, . The set ok points belong to
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a regular grid that is rigidly shifted slightly from the high 80

symmetry planes of the Brillouin zone. The small symmetry

breaking vector produces converged spectra with a limited 70

number ofk points by avoiding degenerate eigenstates. 60 |
The numerical effort for solving the BSE is large, because

the basis set for the electron-hole wave functions has at least 50 1

10* functions, which brings the number of matrix element B4l

Eyckorcrw 10 10 For a system where the number of va- o

lence bands i, , the number of conduction bandsNg,, 30 1

and the number of of Brillouin zone pointsh§ ,the number

of matrix elements to be evaluated[ibl, X N X N,]?. For 2

example, for MgSi, with three valence bands and four con- 10 t

duction bands, we need up to 5k2points and a lifetime

broadening of 0.24 eV to obtain a good optical spectrum. 0

The inclusion of the excitonic effects in the optical spectrum 80

of Mg,Si necessitates the evaluation of 8.80" matrix ele-
ments. This number can be reduced tox119’ by using the
Hermiticity of the Hamiltonian matrix. This Hamiltonian is
then diagonalized to obtain the eigenvecté’sand eigen-
valuesk, that are necessary for the calculated imaginary part
of the dielectric function

47 1 .
e(w)= lim - X = % 1> (vkle % ck)AN
q—0 q N |vck

X 6(E\— w).

Results and discussioithe MgX (X=Si or Ge com-
pounds are characterized by large static dielectric functions
€... We inverted the dielectric functions directly to deter- @ (eV)
mine their static dielectric function. The LDA without local- FIG. 1. Calculated imaginary part of the dielectric function of

field effects prOdUCGS values of 18.4 and 19.01 forzﬁ(lg Mg,Si and MgGe within the RPA(dashed curveand including

?nd MgGe, respectively. When the local-field effects arepoth the Ilocal-field effects ane-h interaction(solid curve com-
included these values are drastically reduced to to 13.71 anghred to the experimental spectryRef. 16.

13.62, respectively. Thus the local-field effects bring these
results in to better agreement with the experimental rééults
of 12.9 and 13.3.

Figure 1 shows our calculated dielectric function includ-
ing the local-field and excitonic effects for I¥)§ (X=Si or

good agreement with experiment, whereas the positions of
the E; andE; peaks are less affected. The similarity of these
results to those obtained for IlI-V semiconductors is

. . : striking® i.e., we observe a shift of the oscillator strength
Ge) compared to the RPA dielectric function and to the ex-, 4" |ower energies. In particular, tHe, intensity in-

perimental results of Scouléf.The limitation of the number - = = "% intensitiesEofand E, decrease. Ac-
of gonduct]on bands is dictated .by the large size of the exCI'cordinglg/, the comparison with experimesnt is much better
tonic Hamiltonian. The RPA optical spectra show thre;e P'O%hen the excitonic effects are included, especially near the
nounged structures that we _IabeIEqi, E, andE; by n- E, structure and somewhat around thg structure.
gezsgsigggigg a?t?]rg[{hﬁﬁeeillg" qc-r;—nhs?ti?)assft :tf);?tsg rgté%\ It is surprising, however, that thig; structure is almost

0 . 5 1 . ' invisible in the MgSi [ tal t lthough it i
for Mg,Si and 1.63 eV for MgGe. The tail below the onset NVISIie In the Vg St experimental specirium, afthough it1s
of absorption is due to the lifetime broadening effect which
mimics the self-energy contribution. The three structures in
the optical spectra, by increasing photon energy, are assor%\ﬁ-
ated with the following interband transitions across the Bril-
louin zone:L3—Lq, (Xg—X; and Xg—X3), andL;—Lg,

TABLE Il. Peak positions in eV in the calculated RRAonin-
racting and excitonic(interacting optical spectra of MgSi and
g,Ge compared to experime(iRef. 16.

respectively. The assignment of the origin of the peaks is in RPA Interacting Expt. RPA Interacting Expt.
good agreement with the empirical PP calculation of Au-

Yang and Cohen. The positions of the peaks are shown ig, 2.2 1.64

Table Il and are found to be in a fairly good agreement withe, 2.5 2.47 2.45 2.48 2.43 2.50
experiment. It is worth mentioning that our calculation of theg, 3.1 2.96 2.88 3.3 3.12 3.0

excitonic effects shows that the main peak is shifted by about, 3.73 3.75 3.83 3.96 4.05 4.05

0.2 eV toward lower photon energies for both compounds in
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already well visible at the RPA level, and much amplified inthe GW approximation are in good agreement with the ex-
the excitonic spectrum. If we take into account the goodperimental results concerning the direct band gapE,alt,
agreement of the calculated 1ll-V semiconductor opticaland X. In addition, theGW valence bands are in excellent
spectra with experiment and the similarity of these spectragreement with these obtained in the LDA, whereas the con-
with those of MgSi and MgGe, it is tempting to attribute duction bands are shifted towards higher energies by a con-
the discrepancy between the theory and the experiment to ttetant energyA independent of thé point in the Brillouin
way the experimental spectra are extracted. Indeed, Scouleone. We then used the shifted LDA energies to calculate the
deduced the imaginary part of the dielectric function fromoptical spectra with and without local-field and excitonic ef-
reflectivity spectra that were measured only up to 11 eV. Tdects and found that the local-field effects drastically reduce
perform a Kramers-Kronig transform accurately one needs tthe static dielectric function of both compounds from their
know the reflectivity spectrum up to high photon energiesLDA values in good agreement with experiment. We did not
To produce the high energy part of the reflectivity, Scoulerdetermine the effect of the excitonic effects en because
used a parametrized tail to produce the continuity of the reeur calculated real part of the dielectric function is not well
flectivity and its correct phase factor at lower energiesconverged due to the limited size of the electron-hole Hamil-
Scouler recognized, however, that the positions and intenstenian. As for the comparison of the calculated optical spec-
ties of the peaks could be sensitive to the choice of the tailra with experiment, as in 1ll-V semiconductors, the exci-
parameters. While this observation may explain the discreptonic effects shift the oscillator strength toward lower photon
ancy between theory and experiment for J&g, we do not energies, and the reconstruction of the spectra is due to con-
believe that it will explain that of MgSi, especially around structive and destructive interference phenomena caused by
the E; peak. It is thus of interest to determine the dielectricthe mixing of electron-hole pairs in the excited wave func-
function of MgSi from an ellipsometry measurement. tion.

Conclusion.We have used our previously implemented
GW approximation in conjunction with the all-electron PAW  We thank P. Blahl for providing us with his PAW code.
method to study the electronic structure and optical properThe supercomputer time was granted by CINES on the IBM
ties of MgSi and MgGe. The electronic structures within SP2 supercomputer.
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