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Effect of semicore orbitals on the electronic band gaps of Si, Ge, and GaAs
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We study the effect of semicore states on the self-energy corrections and electronic energy gaps of Si, Ge,
and GaAs. Self-energy effects are computed within the GW approach, and electronic states are expanded in a
plane-wave basis. For these materials, we genetatmitio pseudopotentials treating as valence states the
outermost two shells of atomic orbitals, rather than only the outermost valence shell as in traditional pseudo-
potential calculations. The resulting direct and indirect energy gaps are compared with experimental measure-
ments and with previous calculations based on pseudopotential and “all-electron” approaches. Our results
show that, contrary to recent claims, self-energy effects due to semicore states on the band gaps can be well
accounted for in the standard valence-only pseudopotential formalism.
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[. INTRODUCTION degrees of freedom due to core electrons are removed from
the system, resulting in a description that contains only va-
Since the early applications of the GW method to reallence electrons. Second, valence electronic pseudowave
materials(see Refs. 1-3 and references theyetime pseudo-  functions are smooth in the vicinity of atomic sites as well as
potential plane-wave approach has been the method @f the interstitial region. Such valence wave functions can be
choice due to its accuracy and technical simplicity. Recentyanded to convergence easily in a relatively small basis set
advances in LAPW and linear muffin-tin orbital methodolo- o\ ' 2c o plane-wave basis. On the other hand, one possible

gies have allowed the implementation of “all-electron” ap- : ! T . .
plications of the GW methoi-8 One common feature of problem with this formallsm_|s that using pseudopotentials,
jnstead of the true electron-ion potential, may not fully de-

such calculations, using standard level of approximation for' " ) _
the self-energy, is an underestimation of the electronic enscribe all effects produced by interactions between the va-

ergy gap compared to experimental measurements, wherel@ice and core electrons. In order to address this issue in GW
pseudopotential-based calculations show very good agregalculations, we include in the present study electrons from
ment with experiment?® To explain this inconsistency, it the outermost valence shell as well as those from the second
was proposed that the pseudopotential approach does notitermost(“semicore”) atomic shell as active “valence”
correctly describe the effect of core orbitals in the self-electrons in the pseudopotential formalism. Only interactions
energy corrections to the energy gaps, resulting in overestbetween these valence electrons and electrons from the
mated correction&-8 deeper core shells are described by pseudopotentials. Taking
It is thus desirable to elucidate the effect of core orbitalsSi as an example, its core now contains only electrons.
in the quasiparticle band structure, and the preferred proceslectrons from the & 2p, 3s, 3p, and 31 shells are all
dure is to perform a well converged all-electron calculationtreated on equal footing in the subsequent calculations.
and compare its results with similarly converged Apart from the atomic configuration, we follow the stan-
pseudopotential-based calculations. Obviously, numericalard prescription for generatingab initio pseudo-
precision should not be neglected. In this work, we explicitlypotentials'?'® Since the deeper core electrons have ex-
include semicore orbitals in the pseudopotential plane-waveremely large binding energge.g., 130 Ry for the 4 elec-
approach and calculate the quasiparticle energy gap for thragons in atomic Si their interaction with valence electrons is
semiconductors of technical importance: Si, Ge, and GaAsexpected to be much weaker than the already small interac-
The underlying description of the ground-state electronigion between the outermost valence and the semicore
structure is based on density-functional theory in the locak|ectrong*
density approximation(DFT/LDA).*>** Throughout this  The Kohn-Sham DFT formalism within the LDA is used
work, we are careful to converge all results systematicallyto solve for the ground-state electronic structure and to pro-
and the final results are compared to previous pseudopotenide a starting point for the calculation of the electron self-
tial results and to recent all-electron calculations. The papegnergy. We follow closely the GW method as developed by
is organized as follows. We outline the theoretical method irHybertsen and Louié.In this method, the self-energy is
Sec. II. Results are presented in Sec. Il and discussed in Segiven by the standard GW approximation,
IV.

Il. THEORETICAL METHOD '

dE iE'nt
. —i _ A IE'O rE_E! [ =3
The pseudopotential formalism has two advantages thag(r’r E) 'f 2 € Go(r.r";E=E)Wo(r,r';E"),

make it convenient for practicab initio calculations. First, D
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TABLE I. Atomic parameters used to generate semicore pseudo- TABLE Il. Band gaps of Si. All quantities in eV.
potentials. Pseudowave functions were defined from the orbital with
lowest principal quantum number at each angular momentum chan- Egap re—re Irv—Xxe

nel. Cutoff radii are given in units of Bohr radius.

LDA present work

Reference configuration I eut Local channel 0.46 2.52 0.60
s p d GW valence pseudopotentiai CPP
Shirley et al? 1.13 3.28 1.31
Si 2s%2p%3s?3p19%3d®%  0.40 0.35 0.40 d GW present work
Ge 3?3p°®3d'%s?4p'4d®? 0.50 0.50 0.50 s 1.04 3.24 1.18
Ga 3°3p°3d'%s?4p'4d® 0.50 0.50 0.50 s GW all-electron
As  3s?3p®3d'%s?4p?4d® 050 0.50 0.45 p Hamadaet al® 1.01 3.30 114
Kotani and van Schilfgaare  0.89 3.12
, . K Eguilu? . 12
where G, is the one-electron Green’s function, calculatedEXp:r?nqgn?gu' u (1)?? 235 13

from LDA energy eigenvalues and eigenstaté@s=0" for

occupied statesj=0" for unoccupied states aReference 9.
bReference 5.
enk(Nen(r’) °Reference 6.

Go(r 1 E)=2) DFT (2 dyon-self-consistent result from Ref. 7.

e Eenc 1o *Reference 23.

The screened Coulomb interacti\Nb is calculated within numerical parameters ensure convergence in LDA energy eij-
the random-phase approximatiofRPA) as Wy=[1 genvalues to 0.01 eV or better. The Ceperley-Alder
—VPo] ™'V, with V being the bare Coulomb interaction and exchange-correlation potential is uséd-or the lattice pa-
the polarizabilityPo= —iG oGo. " This is the commonly em-  rameter, we used the experimental values: 5.43 A, 5.65 A,
ployed level of approximation for GW calculatiofise., ne-  and 5.66 A for Si, Ge, and GaAs, respectively. The polariz-
glecting self-consistency and vertex correctigitsand we  apility was expanded in a plane-wave basis with an energy
specifically compare results from both pseudopotential angdutoff of 45 Ry (50 Ry for Sj and numerically inverted for
all-electron calculations at this particular level of approxima-the calculation of the screened Coulomb interactidn Nu-
tion to help untangle the effects of core states. merical precision in the calculation of the self-energy is 0.05

The convolution integral in Eq1) is performed using the gV or better.
generalized plasmon-pol&PP model; which enables one  Taple Il shows some of the energy gaps obtained in the
to distinguish two contributions to the self-energy: apresent approach for Si, compared with previous valence-
screened exchange paif{) arising from the poles 06,  only pseudopotential and all-electron calculations. Overall
and a dynamical Coulomb interaction between an electroagreement between the present respitsich explicitly in-
and the holelike charge distribution around E) stem-  clude the effect of the semicore statemnd experimental
ming from the poles o%V,. The former tends to increase the measurements is at the level of 0.1 eV, and discrepancies
quasiparticle energy, after the bare exchange is excludeéetween our results and previous pseudopotential-based cal-
The latter tends to decrease the quasiparticle energy. In pagulations of Ref. 9 are equally small. Recent all-electron cal-
ticular, the dynamical contributioB ., is highly sensitive to  culations carried out at the same level of the GW approxi-
the number of bands included in the calculation of the mation, however, systematically underestimate the minimum
Green’s function in Eq(2). The final quasiparticle energy of gap and the diredf-I" gaps®’ We find that the convergence
a statep,, is given by (. is the LDA exchange-correlation of the self-energy with respect to the number of unoccupied
potentia) bands included iiG, in Eq. (2) is an important factor. In Fig.

1, we show the behavior of the calculated energy gap as
Emb=cenx +{(end (11" ;ER) —Vie(Dlen). (3 function of the number of unoccupied bands, included in
G,. Convergence is typically very slow, and well-converged
IIl. RESULTS results requiren.=120. Other energy transitiond {X and
I'-I") show similar behavior and also approach the con-

A semicore, nonrelativistic pseudopotential was generatederged value from below. In contrast, the results of Ref. 7
for Si, using the Troullier-Martins schem&For Ga, Ge, and  were obtained with only,= 24 and are closer to our results
As, we constructed semirelativistic pseudopotentials usingt approximately the same value mf than to the converged
the Kerker schem® These choices resulted in stable, trans-results, as shown in Fig. 1. We see two possible explanations
ferable pseudopotentials in the Kleinman-Bylander formfor this fact: lack of numerical convergence in the evaluation
without ghost state¥> A summary of atomic parameters is of the self-energy corrections in Ref. 7, or coincidence.
presented in Table I. A good expansion of electronic wave The energy gaps obtained for Ge are presented in Table
functions in a plane-wave basis was obtained using a cutoffil. Spin-orbit interactions are included as first-order
energy of 700 RY600 Ry for S), and the first Brillouin zone  perturbationg® A common feature of LDA-based calcula-
was sampled using a44 x 4 Monkhorst-Pack grid’ These  tions is the overlapping of the valence and conduction bands
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FIG. 1. Convergence of the minimum gap in Si as function of FIG. 2. Similar to Fig. 1 for Ge. Numerical values for the gaps
the number of unoccupied bands included in the calculation of théd'-I" (lower pane), I'-L (middle panel, andI"-X (upper panelare
Green’s function, Eq(2) (open triangles The solid line is a guide  shown in open triangles. The full line is a guide to the eye. Results
to the eye. Results obtained by Ku and EguilRef. 7 are shown obtained by Ku and Eguilu@ef. 7) are shown in black diamonds.
as black diamonds.

at theT" point. The inclusion of & electrons moves the con- tween the pseudopotential and all-electron gaps at this level

duction bands further down resulting in a sizable negativeOf the GW apprommgtlon, n parncular, regarding thex .
direct gag?”*141°This feature is verified in our LDA calcu- 92P- As found in previous studies, the self-energy corrections
lation. As shown in Table IIl, self-energy corrections are re-2€ Needed to give the correct band topology. _
sponsible for an opening of the gap and the correct position- Figure 2 shows direct and indirect energy gaps in Ge as
ing of the minimum, indirect gap between poidtsandL in function of the number of unoccupied bands included in the
the Brillouin zone. Our GW results compare well with ex- calculation ofG,. Whereas the indirect gags-L andI'-X
periment, although th&-X gap still shows a large discrep- approach the converged value from below, the direct gap
ancy. On the other hand, there are significant differences bd--I" approaches it from above. This particular convergence
behavior arises from the fact that we are plotting differences

TABLE lIl. Band gaps of Ge. All quantities in eV. of quasiparticle energies: taken individually, all quasiparticle
energiesEl, converge monotonically from above, reflecting
the attractive nature of the Coulomb-hdle;, termX? Addi-

l"U_LC l"v_l"c l"u_xc

LDA present work tionally, we note that in Ref. 7 the direct gaplais strongly
—0.04 ~0.26 0.56 overestimated and the indirect gBpX is underestimated by

GW valence pseudopotential CPP ~0.8 eV. As expected, the same pattern of overestimation/
Shirley et al? 0.73 0.85 1.09 underestimation is evident in Fig. 2 when we reduce the

GW present work number of unoccupied bands from 170 to 24, which was the

0.65 0.85 0.98 value used in Ref. 7.

GW all-electron GaAs shows behavior similar to Ge. Table IV summarizes
Kotani and van Schilfgaare  0.47 0.79 our results. Agreement with experimental data is now within
Ku and Eguilu$ 051 111 049 0.15eV, and all-electron calculations again underestimate the
Experiment 0.74 0.90 1.3 energy gaps. Regarding the convergence with Fig. 3

shows that the indirect gaps converge slowly from below. On
dReference 9. the other hand, the direét-I" gap converges more quickly.
bReference 6 after inclusion of spin-orbit effects. In all systems studied, we applied the GPP mbitetwo
°Non-self-consistent results from Ref. 7. ways: (1) using only the valence charge density in freum

YReference 23. rule and(2) using a total charge density from both the va-
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TABLE IV. Band gaps of GaAs. All quantities in eV.

re-r¢ rv-L® rv-x°
LDA present work
0.13 0.70 121
GW valence pseudopotential CPP
Shirley et al? 1.42 1.75 1.95
GW present work
1.38 1.65 1.83
GW all-electron
Kotani and van Schilfgaare  1.20 1.40 1.46
Experiment 1.52 1.815 1.98

8Reference 9.

bReference 6 after inclusion of spin-orbit effects.

‘References 23,24.
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gaps with respect tm., which is expected since the,
term is enhanced. All results presented in this article were
obtained using the physically more appropriate mettiod

IV. DISCUSSION

As shown in Figs. 1-3, energy gaps in the GW approxi-
mation have a significant dependence on the number of un-
occupied bands that is slow to converge in many cases. This
fact was already reported in calculations using standard
pseudopotential techniqué® We can analyze the physics
of this convergence by examining the GW approximation in
the static limit, the so-called COHSEX approximationt®
Band gaps can be calculated more easily within the
COHSEX approximation and show convergence behavior
similar to the full dynamic calculation. Under this approxi-
mation, the Coulomb-hole term has a simple form in terms of

lence and semicore bands. Meth@ is physically more
realistic, and predicts an energy dependence of the inverse
dielectric function that is consistent with the RPA. Method

(2) implies that semicore electrons are able to screen electric
fields as efficiently as valence electrons, which is not physi-

cal. Nevertheless, we find agreement between the two
schemes to better than 0.1 eV in the converged energy gap
for all systems studied. This is a consequence of cancellation

the polarization potentialVpq (r,r")=W(r,r',0=0)—V(r
— '),

1
2COH(",r'):Ets(f_r')me(",r')

1
=5 2 endDendr I Woolrr'),  (4)

of errors: in method2), the plasma frequency is overesti- where the second equality follows from completeness of the

mated, and therefore the contributiadhg, andX. ., are over-

basis of eigenvectors. In actual calculations, this sum over

estimated in gbso_lute value_. Since they have opposite sighandsn is always truncated, and the equality is violated. The
the final quasiparticle energies are weakly affected. We alsgoulomb-hole energy evaluated at a given electronic state is
observe that metho@) shows slower convergence of energy calculated according to the expression
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FIG. 3. Similar to Fig. 2 for GaAs. The thick horizontal line

represents results obtained by Kotani and van Schilfga@ddé 6

(the number of bands used was not reported in this reference

<mk|ECOH|mk>_ > Weer(q)
GGq

xg [MEka) " Ma(k,q), (5

whereWgg(q) are the coefficients in the plane-wave expan-
sion of the polarization potentiaf and we define

ME(k,q)=(nk—qg|e"'@* O " mky). (6)

Physically, the summation in Eq4) describes virtual
transitions produced when the quasiparticle induces a charge
fluctuation around itself2 oy is the energy associated to
the interaction between the quasiparticle and the induced
charge fluctuation. The matrix elements, E®), decay
slowly as the energy difference between bandandn in-
creases. Monitoring the convergence of these matrix ele-
ments provides a good estimate of the relative error in the
3.con. but gauging the absolute convergence of the self-
energy requires knowind/,,, which depends on the physi-
cal system. From Eqs4)—(6), we see that matrix elements
involving unoccupied bands are crucial in the calculation of
the X, operator. Therefore, the choice of basis set must be
done carefully so that all occupied bandad the lowest
unoccupied bands are accurately described. In this respect, a
plane-wave basis set is expected to be more efficient than
basis sets optimized for occupied bands.
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Although we have not directly investigated the impor- electron calculation$! While semicore effects are negligible
tance of imposing self-consistency in the calculation of thein Si, they are important if one aims at good quantitative
self-energy, this is an unsettled issue and we address #greement with experiment in Ge and G&Rs*° How-
briefly below. Von Barth and Holm have investigated theever, discrepancies between pseudopotential and all-electron
effect of self-consistency in the electron-gasand con- based GW calculations reported in recent whrkmay be
cluded that restricted self-consistency has small but signifiexplained by a lack of numerical convergence in the latter.
cant effect on the full bandwidth and in the satellite structureSpecifically, the self-energy calculated within the GW
of the electron gas. On the other hand, full self-consistencynethod has slow convergence with respect to the number of
gives a poor description of the satellite structure and thesnergy bands included in the calculation of the Green'’s func-
bandwidth is drastically increased. Inclusion of vertex cor-tion, as is demonstrated in this work and has been pointed
rections are expected to recover the good, non-self-consisteatt in the past:?° This convergence behavior is present in
results, but calculation of vertex corrections is not a simplehe static limit to GW, the COHSEX approximation, and can
task even for the electron gas systefh.Self-consistency be analyzed by comparing the COHSEX Coulomb-hole en-
has been recently applied to real materi@idand the va- ergy, Eq.(4), obtained with and without explicit summation
lence bandwidth is also shown to increase when selfover energy bands.
consistency is imposed. It appears that one must therefore
include self-consistency and vertex corrections together in ACKNOWLEDGMENTS
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