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Role of semicored electrons in quasiparticle band-structure calculations

Michael Rohlfing,* Peter Krüger, and Johannes Pollmann
Institut für Theoretische Physik II - Festko¨rperphysik, Universita¨t Münster, D-48149 Mu¨nster, Germany

~Received 14 August 1997!

We have investigated the role of semicored electrons in the calculation of quasiparticle band structures
within the GW approximation for a number of elemental and compound semiconductors, as well as for a
semimetal. The systems studied comprise Ge, GaN, ZnS, CdS, anda-Sn. Semicored states are explicitly taken
into account as valence states in our investigations. Overall, they have a strong influence on the band structure
of the compounds, but not on that of the elemental semiconductor Ge or of the semimetala-Sn. Nevertheless,
there is a distinct influence on the Ge band structure to be noted, as well, in that the gap changes from direct
to indirect by the inclusion of the semicored states. Our band-structure results are in very gratifying agreement
with available experimental data.@S0163-1829~98!01511-2#
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I. INTRODUCTION

Within the last decade, theGW approximation1,2 has been
established as the standard approach to calculate quasi
cle ~QP! band structures from first principles. QP band stru
tures have been obtained for group-IV semiconducters a
number of group III-V semiconductors, in excellent agre
ment with experimental data.3–6 The calculations are usuall
carried out in the framework of pseudopotential theory, i
only the valence electrons are taken into account explic
while all deeper states are treated as core states, thus b
effectively eliminated from the calculations.

More recently, QP band structures have also been ca
lated for II-VI semiconductors, as well as, for grou
III-nitrides.7–11 These semiconductors are of particular tec
nological interest for optical applications because of th
large fundamental gap. A very careful treatment of their c
ionic semicored electrons, i.e., of thed electrons in the
highest fully occupied atomic shell below the valence sta
is required. Both in II-VI compounds and in group-III n
trides, the semicored states have relatively high band
structure energies. They therefore have a strong influenc
the electronic properties of the valence states and the b
structure. Simply treating the semicored states as core state
when constructing pseudopotentials for the cations lead
distinct disagreement between theory and experiment w
respect to structural properties, as well as to QP ba
structure energies, as was shown, e.g., in Refs. 10 and

In this work we fully include the cationic semicored
states asvalence statesin our GW QP band-structure calcu
lations. It was shown in Refs. 12 and 13 that explicit inc
sion of the semicored states in the valence shell yields stru
tural properties of II-VI compounds, in very good agreeme
with experimental data. For cubic CdS, we have shown
addition10 that the calculated QP band-structure energies
sult in good agreement with experiment when the semic
states are explicitly taken into account as valence states

In the present paper, we systematically discuss the in
ence of cationicd electrons on the band structure of a nu
ber of wide-band-gap semiconductors. To this end, we c
sider the II-VI semiconductors ZnS and CdS, as well as
group III-nitride GaN. We include results for the elemen
570163-1829/98/57~11!/6485~8!/$15.00
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semiconductor Ge, as well, to cover a wider range of syste
and to show the respective trends in the impact of thed
electrons. In addition, we investigate the influence of
semicored states on the band structure of a group-IV sem
metal, a-Sn, which to the best of our knowledge has n
been studied byGW QP calculations before.

Our approach may be considered as a systematic ste
ward an all-electron QP band-structure calculation with
GW approximation. However, we do not include all co
electrons but restrict ourselves to including only the el
tronic states of the semicore shell which couple efficiently
the valence states and which therefore should not be tre
as core states. This way we obtain reliable band-struc
results. The numerical effort, nevertheless, is considera
smaller than that of a full all-electron calculation.

The paper is organized as follows. In Sec. II we brie
address the theoretical framework of our QP calculatio
and discuss our method of including the complete semic
shell in the construction of the respective pseudopotenti
In Sec. III we present our QP band-structure results for
compound semiconductors ZnS, CdS, and GaN, and sys
atically discuss the influence of the semicored electrons on
the band structures of these compounds. In Sec. IV we
cuss respective results for the elemental semiconductor
and the semimetala-Sn. In the latter materials the influenc
of the semicore states on the band structure turns out to
much smaller than in the compounds. A short summary c
cludes the paper in Sec. V.

II. THEORETICAL FRAMEWORK

Our computational approach was presented in detai
Ref. 14. Here we only summarize a few formal aspe
which are of particular importance for the systems addres
in this work.

A. LDA and GW approximation calculations

GW quasiparticle calculations are usually based on
results of preceding local-density-approximation~LDA ! cal-
culations that have to be performed first. For these, we
ploy norm-conservingab initio pseudopotentials15,16 which
6485 © 1998 The American Physical Society
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6486 57ROHLFING, KRÜGER, AND POLLMANN
include the semicore electrons in the valence shell~see Sec.
II B !. The exchange-correlation energy is taken into acco
in the form as given in Refs. 17 and 18. For the represe
tion of the wave functions we use a Gaussian orbital ba
set. At each atom,s, p, d, and s* orbitals with different
decay constants are taken into account. The respective d
constants for the materials addressed in this work are g
in Ref. 19. From these calculations, we obtain the LDA wa
functions and LDA band-structure energies.

Using these LDA results, we construct theGW self-
energy operator,S5 iGW, where G is the LDA Green’s
function andW is the screened Coulomb interaction.1,2 In the
evaluation of W we employ the random-phas
approximation1,2 and a plasmon-pole model20 to include the
dynamics of the screening. The difference between the s
energy operator and the LDA exchange-correlation~XC! po-
tential constitutes a perturbation operator. Evaluating its c
tribution to first order results in the quasiparticle~QP! band
structure

Emk
QP5Emk

LDA1^cmkuS~Emk
QP!2VXC

LDAucmk&. ~1!

The self-energy operator and a number of other functi
entering S are spatial two-point functions depending o
(r ,r 8). For their description, we employ a Gaussian-orb
basis set, as well, which is similar to that used in the LD
calculations~for details, see Ref. 14!. This allows for an
accurate treatment of the strongly localized semicore st
with a moderate computational effort.

B. Pseudopotentials

The use of appropriate potentials is a crucial point in a
pseudopotential approach. In particular, a careful treatm
of the semicore shell is necessary when semicored electrons
are involved. As an example, we discuss the Zn pseudo
tential ~PP! that we employ for the calculations of ZnS. F
the construction of this pseudopotential we follow the p
scription as given by Hamann.16

The electronic configuration of the Zn atom
~Ne!3s23p63d104s2. When the complete third shell i
treated as a core shell, one arrives at a Zn21 PP which in-
corporates the 4s electrons only.15 It is our aim to include the
3d electrons explicitly as valence states in our calculatio
for ZnS. This could be done15 by employing a Zn121 PP
containing the 3d and 4s valence states, only, while the 3s
and 3p states are treated as core states. Such a separati
the atomic semicore shell into core and valence states le
however, to uncontrolled shortcomings in the QP ba
structure.21 The respective QP energies deviate from exp
ment by up to several eV, as we showed recently for cu
CdS ~cf. Ref. 10!. The physical origins for these deviation
were discussed in detail in that reference. It turned out
one should avoid the division of the semicore shell into
lence and core states, and should include the 3s and 3p
states in the valence shell, as well.22 For ZnS this leads to a
Zn201 PP.

The inclusion of the complete semicore shell in the v
lence shell requires particular care in the construction of
norm-conserving pseudopotentials. For the Zn201 PP,
pseudo-wave-functions are required for both the 3s and 4s
states. These two pseudo-wave-functions have to be orth
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nal to each other, and therefore cannot be chosen inde
dently. In particular, the 4s wave function should have a
node at the same radius at which the true 4s wave function
has its outermost node. To this end, we do not construct
pseudopotentials for the neutral Zn atom but for a Znion
whose 4s state is unoccupied. The latter has the electro
configuration~Ne!3s23p63d10. Thus we obtain a Zn201 PP.
When this PP is then used for theneutralZn atom with the 4
s state occupied, a wave function for the 4s state is obtained
automatically which is orthogonal to the other valence sta
We found that this 4s pseudo-wave-function agrees with th
true atomic 4s wave function outside the core region. Th
holds for the 3s, 3p, and 3d pseudo-wave-functions, a
well. Furthermore, the energies of the 3s, 3p, 3d, and 4s
states of the pseudoatom agree with those of a respe
atomic all-electron calculation. This way we obtained
Zn201 PP which reproduces all relevant properties of the 3s,
3p, 3d, and 4s states, and can thus be employed in t
calculation for ZnS.

The results reported in this paper were obtained us
pseudopotentials which treat all states of a given ato
semicore shell on equal footing, i.e., either as core or vale
states. In particular, we employ Zn21, Cd21, Ga31, Ge41,
and Sn41 PP’s for reference calculations withoutd electrons,
and Zn201, Cd201, Ga211, Ge221, and Sn221 PP’s for the
final calculations including thed electrons and the complet
respective semicore shell in the valence shell. For the an
~N and S! of the compounds we employ conventional N51

and S61 PP’s throughout this work, i.e., their semicore sta
are treated as core states.15 This is reasonable since the a
ionic semicore states are much lower in energy than the
ionic semicore states. The influence of the anionic semic
states on the band structures is therefore very small. In
following sections we discuss our results for the studied s
ids.

III. COMPOUND SEMICONDUCTORS

In this section we discuss the QP band structures of
wide-band-gap compound semiconductors ZnS, CdS,
GaN to identify the role of the semicored electrons on their
band structures. We restrict ourselves to the cubic zi
blende modifications of the materials. All calculations a
carried out at the respective experimental latt
constants23,24for a more meaningful comparison with exper
mental data and theoretical results from the literature.

A. II-VI compounds: ZnS and CdS

II-VI Zn and Cd compounds were addressed in a num
of LDA and GW calculations.7,10–13,25–29These LDA band
structures exhibit a number of deficiencies when compa
with experiment. The gap is systematically underestimate
well-known shortcoming of standard LDA band-structu
calculations for semiconductors. The band-structure ener
of the semicored states, if included in the LDA calculations
result to be too high in energy by several eV. One way
obtain reliable band structures in good agreement with
periment is to calculate QP energies within the GW appro
mation. However, an appropriate treatment of the semicod
states in the respective calculations is very important.
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57 6487ROLE OF SEMICOREd ELECTRONS IN . . .
The group-IIB–VI Zn and Cd compounds are charact
ized by a relatively small energy difference between thed
electrons of the semicore shell and the anionp and cations
electrons of the valence shell. Therefore, the influence of
semicored states on the valence- and conduction-band st
tures is very strong in compounds of these elements. T
thus form prototype systems for the investigation of the r
of d electrons on QP band structures. In Ref. 10, we repo
QP band-structure calculations for cubic CdS. In the pres
work we address the band structure of cubic ZnS~see Fig. 1
and Table I!, in addition, which is similar to that of CdS. Th
respective data10 for CdS are included in Table I to allow fo
a direct comparison. For further comparison, the LDA ba
structure of ZnS is included in Fig. 1~dashed lines!. The QP
corrections to the LDA results, i.e., the differences betwe
the QP and LDA band-structure energies, show a typ
behavior: the conduction bands are shifted to higher e
gies, and the gap energy is increased. The cationic sem
d states, on the other hand, experience negative QP co
tions.

We begin our discussion with the band structure of cu
ZnS as calculated without including the Zn 3d electrons, i.e.,
employing a simple Zn21 PP, only. TheGW approximation
QP gap energy resulting from this calculation amounts
4.97 eV, and is thus much larger than the experimental va
of 3.8 eV.23 Furthermore, the QP band width of the upp
valence bands amounts to 4.70 eV only which is smaller t
the experimental value of 5.5 eV.23 These deviations are
caused by neglecting the influence of the Zn 3d semicore
states. Different from more strongly bound core states,

FIG. 1. Band structure of cubic ZnS as calculated with expl
inclusion of the Zn 3d semicore states, i.e., using a Zn201 PP. The
solid lines denoteGW QP energies, while the dashed lines den
LDA energies.
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atomic semicored electrons relax when the Zn atoms a
incorporated into the ZnS solid. This relaxation affects t
structural and electronic properties of ZnS.10,12 In particular,
the gap energy is strongly influenced, since thed states have
band-structure energies that are only a few eV below
valence-band maximum~VBM ! and thus couple strongly
with the states near the gap, in particular with thep-like
VBM states. The bandwidth of these upper valence state
very sensitive to thep-d hybridization, as well.

When using the Zn201 PP instead of the Zn21 PP, a much
smaller gap energy results. We find aGW approximation QP
gap energy of 3.50 eV, in good agreement with the measu
gap of 3.8 eV. In addition, the QP bandwidth of the upp
valence bands is increased by including the semicore she
now amounts to 5.42 eV, in very good agreement with
periment.

Within the LDA we obtain an average band-structure e
ergy of 25.9 eV for the Zn 3d states which is too high if
compared to experiment. By QP corrections, this energ
lowered by20.5 eV, resulting in a QP band-structure ener
of 26.4 eV. This value, however, is still too high as com
pared to the measured value of –9.0 eV. The remaining
viation of 2.6 eV is related to self-consistency effects inS
that are not included in our presentGW approach. A QP
energy of approximately27.9 eV can be expected to result30

from a self-consistent treatment including satellites in
self-energy, as presented in Ref. 21. The effect of s
consistency on the fundamental band gap, on the other h
is much smaller than for the semicore states.31

The measured energy position of thed states in ZnS and
CdS is quite similar~29.0 and 29.2 eV, respectively!.

t

TABLE I. GW QP band-structure energies~in eV! of cubic
ZnS, CdS, and GaN, as calculated with the semicore states tre
as core electrons~21 and 31 PP, respectively! and with explicit
inclusion of the semicore states as valence states~201 and 211
PP!, respectively. We present results for the gap energyEg , for the
band widthW of the upper valence bands, as well as, for the se
core d energyEd . The Zn and Ga 3d energies that would resul
from a self-consistentGW approach including satellites in the sel
energy~labeled SAT! were estimated on the basis of the respect
results for Cd 4d, Ge 3d, and Si 2p ~see Refs. 21 and 30!. We
includeGW results from Ref. 7 for ZnS and CdS, as well as, fro
Refs. 8 and 9 for GaN, that have been obtained employing
NLCC.

21/31 201/211 SAT GWA incl. NLCC Exp.

ZnS Eg 4.97 3.50 3.98a 3.8b

W 4.70 5.42 5.20a 5.5b

Ed 26.4 27.9c 29.0b

CdS Eg 3.70 2.45 2.83a 2.48d

W 3.90 4.75 4.33a 4.18e

Ed 28.1 29.1 29.2e

GaN Eg 3.59 2.88 3.1f,2.76g 3.3h

W 6.88 7.33 7.8f,7.68g

Ed 215.7 217.3c 217.7i

aReference 7. fReference 8.
bReference 23. gReference 9.
cReference 30. hReference 24.
dReference 32. jReference 34.
eReference 33.
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6488 57ROHLFING, KRÜGER, AND POLLMANN
Therefore, the strength of thep-d coupling to the states nea
the gap is very similar in both compounds, as well. Co
comitantly, the explicit inclusion of thed states in the calcu
lation has nearly the same influence on the gap energy o
two systems, i.e., the QP gap energy is lowered by21.47
and21.25 eV, respectively.

One alternative to include the influence of the semicord
states on the structural properties and band structures
certain extent is to take nonlinear core corrections~NLCC’s!
into account that are constructed within the LDA.7–9,26,35Re-
spectiveGW band-structure results for ZnS and CdS by Z
kharov et al.,7 as well as, for GaN by Rubioet al.8 and
Palumnoet al.,9 are included in Table I.

Another more pragmatic alternative to include the infl
ence of the semicored electrons is to use self-interactio
corrected~SIC! and self-interaction- and relaxation-correct
~SIRC! pseudopotentials, as discussed in detail in Refs. 3
38. These yield excellent structural results and band st
tures for the compounds by taking self-interaction and rel
ation corrections approximately into account.

B. III-V compound GaN

The III-V compound GaN is a wide-band-gap semico
ductor, as well, with a gap energy of 3.3 eV~Ref. 24! in the
zinc-blende modification and 3.5 eV~Ref. 23! in the wurtzite
modification. In this work we restrict ourselves to the cub
zinc-blende modification. GaN has been addressed by a n
ber of theoretical investigations. The system was studie
Ref. 39, as well as in Ref. 40, within the LDA including th
Ga 3d states explicitly. Vogel, Kru¨ger, and Pollmann pre
sented a self-interaction-corrected LDA calculation
GaN.38 Jenkins, Srivastava, and Inkson41 carried out LDA
calculations for GaN, and included QP corrections to the
energy using the Sterne-Inkson model.42 Rubio et al.8 and
Palumnoet al.9 calculated QP band structures of GaN with
GW approximation. Thed states were, however, not explic
itly included in their approaches. Instead, NLCC’s we
taken into account.

In this work we present aGW QP calculation for GaN, in
which the semicored states are fully included as valenc
states by employing a Ga211 PP. The respectiveGW QP
band structure is displayed in Fig. 2 together with the resp
tive LDA band structure. In Table I, the results are compa
to those of a Ga31 PP calculation in which thed states are
kept in the core.

Due to the larger nuclear charge of Ga, as compare
Zn, the 3d states have lower band-structure energies in G
than in ZnS. Therefore their coupling to the states near
gap, as well as their influence on the gap energy, is m
weaker in GaN than in ZnS. But now thes-d coupling of the
anion 2s states to the 3d states is more important. Within th
Ga31 PP calculation, the QP gap energy of 3.59 eV is lar
than the measured gap of 3.3 eV.24 By inclusion of thed
states in the calculation, the QP gap energy is reduced
20.71 eV. This reduction is smaller than the respective
duction of 21.47 eV in the case of ZnS, as was to be e
pected from the larger binding energy of the 3d states in
GaN. The resulting QP gap energy amounts to 2.88
which is now lower than experiment.
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The character of thes-d coupling between the Ga 3d
states and the N 2s states depends sensitively on the ene
difference between the two. In the standard LDA, thes-d
coupling is not correctly described, since the level order
Ga 3d and N 2s is not in agreement with experiment. Th
GW self-energy operator, which is based on LDA wa
functions and energies has to be constructed with partic
care, therefore~for details, see Ref. 19!. Within the LDA, the
Ga 3d states result some 2.5 eV higher in energy than in
GW QP band structure~see Fig. 2!. In addition, the LDA
dispersion of the Ga 3d states is different from that of the Q
band structure. Furthermore, the bandwidth of the N 2s band
is much smaller in the LDA than in theGW approximation.

In our QP band structure the energies of the N 2s band
range from216.1 to212.7 eV. For Ga 3d bands, we obtain
an average energy of215.7 eV. In the photoemission spe
trum of Ding et al., two emission peaks are observed
217.7 and at214.2 eV.34 From the relative intensities th
authors attribute the lower band-structure energy to Gad,
and the higher one to N 2s. This is the same order of state
as we find in our calculation. The difference of 2 eV betwe
our calculated Ga 3d energy and the measured 3d level can
be explained by the effect of renormalizing the Green’s fu
tion, which is not included in the present calculation. Fro
this effect we expect an additional lowering of the Ga 3d
energy by approximately21.6 eV, which would lead to a
final 3d energy of approximately217.3 eV.30

In Fig. 3 we compile the QP band structures of ZnS, Cd
and GaN near the fundamental gap. The dotted lines w
calculated with the cationic semicore states kept in the c
i.e., by employing the respective 21/31 PP’s. The solid

FIG. 2. Same as Fig. 1, but for cubic GaN explicitly includin
the Ga 3d semicore states, i.e., using a Ga211 PP.
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FIG. 3. Sections of calculated QP band structures of ZnS, CdS, and GaN near the fundamental gap. The dotted lines denot
resulting when the cationic semicore electrons are treated as core electrons, i.e., using 21/31 PP’s, respectively. The solid lines result whe
the semicore electrons are treated explicitly as valence electrons by employing 201/211 PP’s, respectively.
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lines show the results of our calculations in which the se
core states have been explicitly included~201/211 PP’s!.
From Fig. 3 we observe the following general trend in t
influence of the semicored states on the band structures.
all cases, the conduction bands are lowered due to exp
inclusion of the semicored states, and the fundamental ga
energy is reduced. This effect is similar in ZnS and CdS
GaN, on the other hand, the reduction of the gap is sma
since the 3d states have larger binding energy in the grou
III element Ga than in the group-II elements Zn and C
Therefore, the influence of thed states on the gap is weake
in GaN. The dispersion and bandwidth of the upper vale
bands is increased when the semicore states are expl
included in the calculation. This effect is more pronounc
in ZnS and CdS than in GaN, as well.

The explicit inclusion of the cationic semicored electrons
reduces the gap energies by21.47,21.25, and20.71 eV for
ZnS, CdS, and GaN, respectively. This reduction is due
the fact that thep-d interaction shifts the anionicp bands
energetically closer to the cationics conduction bands. Sinc
the binding energy of the semicored states increases from
ZnS over CdS to GaN thep-d interaction decreases alon
the row, and the gap shrinkage decreases accordingly.

IV. ELEMENTAL MATERIALS

In this section we present results for the group-IV e
ments Ge anda- Sn, having diamond structure. For the
systems, the influence of the semicored states can be ex
pected to be much less pronounced than in the compo
semiconductors discussed above, since the semicored states
are much stronger bound in Ge and Sn than in Zn, Cd,
Ga, respectively.

A. Group-IV semiconductor Ge

As far as the influence of the 3d electrons on the band
structure is concerned, two major aspects have to be
dressed for Ge in comparison with GaN. First, Ge has
additional proton in the nucleus as compared to Ga. Th
fore, the energy of the 3d states is considerably lower in G
than in Ga. We obtain a QP binding energy of230.0 eV
~Ref. 21! for the Ge 3d semicore states in bulk Ge, in goo
agreement with the experimental value of229.5 eV.43,44

Concomitantly, the influence of the 3d states on the band
structure of Ge is much weaker than in GaN. Second, G
an elemental semiconductor, while GaN is a compound
the latter, the valence-band maximum and conduction-b
minimum states are composed of orbitals from different e
i-
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ments. The VBM is more anionlike, while the conductio
band minimum~CBM! is cation dominated. Therefore th
influences of the cationicd states on the VBM and CBM are
different, leading to the sensitivity of the gap energy as d
cussed in Secs. III A and III B. In the case of the elemen
semiconductor Ge there is no difference between the ‘‘c
ion’’ and ‘‘anion.’’ Although the VBM and CBM states have
different orbital characters, beingp like and s like, respec-
tively, they are equally distributed over atoms of the u
cell. In addition, the energy separation between VBM a
CBM, i.e., the gap energy is very small as compared to
Ge 3d binding energy. This is opposite to the case of t
wide-band-gap semiconductors, in which the gap is large
the d-state binding energy is relatively small. In cons
quence, both band edges in Ge are influenced by thed
states in a similar way. In consequence, a much smaller
fluence of thed states on the gap energy results as compa
to the compound semiconductors discussed above.

In our respective QP calculations for Ge, we found th
the influence of the 3d states on the QP band structure is
most on the order of 0.1 eV, and is thus an order of mag
tude smaller than in the compound semiconductors Z
CdS, and GaN. We refrain from showing the LDA andGW
approximation band structures of Ge anew, since they w
given in Ref. 6 already. Here we focus, for the sake of br
ity, on the direct-gap energy at theG point and on the indi-
rect gap energy between theG andL points of the Brillouin
zone ~see Table II!. These results were obtained using
Ge41 PP or a Ge221 PP, i.e., without or with the 3d states in
the valence shell, respectively. Within the Ge41 PP calcula-
tion, we obtain a direct gap of 0.68 eV atG. Including the 3d
electrons in the calculation, the band-structure energies
the lowest conduction band are raised near theG point and
lowered near theL point. The resulting QP band structur
shows anindirect gap of 0.71 eV betweenG andL, in good
agreement with the measured gap of 0.744 eV betweeG
and L.23 The direct gap of Ge as resulting from th

TABLE II. GW QP gap energies~in eV! for Ge as calculated
with the semicore states kept in the core (Ge41 PP! and with ex-
plicit inclusion of the semicore states in the valence shell (Ge221

PP!, respectively. The results from Ref. 45 were obtained includ
core-polarizability corrections.

Ga41 Ge221 Ref. 45 Exp.

Egap
dir (G-G) 0.68 0.81 0.85 0.89

Egap
ind (G-L) 0.75 0.71 0.73 0.744
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conventional Ge41 PP approach can thus be identified to
an artifact of neglecting the 3d semicore states in the valenc
shell.

The same transition from a direct to an indirect semic
ductor was observed in Ref. 45 by taking the core pola
ability into account, as well as in Ref. 46 by the inclusion
self-interaction corrections. The latter authors explained
transition as resulting from the contraction of the core sta
when self-interaction corrections are included. In our Ge221

PP calculation, however, we do not observe any contrac
of the semicore states as compared to the isolated Ge a

B. Group-IV semimetal a-Sn

As the last system we address the metastablea modifica-
tion of Sn ~grey tin!, which has the diamond structure. Di
ferent from the other group-IV elements C, Si, and Ge,a-Sn
is a semimetal, i.e., it has a semiconductorlike band struc
but the gap is exactly zero~see Fig. 4!. Its electronic prop-
erties are, nevertheless, rather semiconductorlike than m
lic due to the vanishing density of states at the Fermi le
and due to a vanishing Fermi surface. Band-structure res
for a-Sn were presented by Chelikowsky and Cohen,47 as
well as by Brudevollet al.48 Here we discuss the first Q
band structure for this material as calculated withinGW ap-
proximation.

FIG. 4. Calculated band structure ofa-Sn. The solid lines de-
noteGW QP energies, while the dashed lines denote LDA energ
For these band structures, the Sn semicore states are treated a
electrons, i.e., a Sn41 PP is used. The spin-orbit coupling was i
cluded in the calculations~see text!. The experimental ARPES dat
were measured by Ho¨chst and Herna´ndez-Caldero´n ~Ref. 50!.
-
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For the band structures discussed so far, we negle
spin-orbit interaction. In the case ofa-Sn, on the other hand
spin-orbit interaction is important for an accurate determi
tion of the topology of the bands at the valence-band ma
mum and for a meaningful comparison of the band-struct
results with experimental data. We take the spin-orbit int
action into account by employing respectiv
pseudopotentials.15,49 The matrix size of the Hamiltonian is
doubled when the electronic spin is taken into account
plicitly.

We first discuss the results obtained with a Sn41 PP leav-
ing the semicore states in the core. In Fig. 4 we display
resulting LDA andGW QP band structures. Within the LDA
the lowest conduction band has negative band-structure
ergies near theL point ~20.30 eV atL). Concomitantly the
Fermi level is at negative energy~about20.2 eV!, leading to
a metallic band structure with a nonzero Fermi surface an
density of states which is nonzero at all energies. At theG
point the highest valence band and lowest conduction b
are degenerate, both of them havingp-type symmetry.

By the QP corrections the metallic character of the ba
structure is removed. The QP corrections for the lowest c
duction band depend strongly on the wave vector. The b
is shifted to higher energies by some 0.3 eV for most of
wave vectors of the Brillouin zone, except for the region ne
the G point. The final QP band-structure energy at theL
point amounts to 0.01 eV, in good agreement with the m
sured value of 0.11 eV.23 The QP band structure is indee
semimetallic. AtG, the QP correction of the lowest condu
tion band tends to zero, and the degeneracy of the VBM
CBM states atG is maintained. Thus the QP corrections
the lowest conduction band are completely different fro
those for many semiconducting systems where the cond
tion bands show a more or less rigid shift without ak depen-
dence.

By employing a Sn221 PP, we included the Sn semicor
states into the calculations explicitly. In order to reduce
numerical effort, we analyzed the respective effects on
band structure without including spin-orbit interactio
Thereafter, the respective semicore corrections are adde
the band structure, including spin-orbit coupling. This h
only a small influence on the band structure, as was to
expected from the respective results for Ge. The change
the band-structure energies are, nevertheless, in the ord
0.2 eV ~see Table III!. They are thus somewhat larger tha
for Ge. Along column IV of the Periodic Table from C to S
the energy difference between the semicore and vale

s.
core

TABLE III. Optical transition energies~in eV! for a-Sn result-
ing from theGW QP band structures, as calculated with the se
core states treated as core electrons using a Sn41 PP and with
explicit inclusion of the semicore states in the valence shell us
the Sn221 PP, respectively. We focus on the dipole-allowed lowe
energy transitions at the high-symmetry pointsL, G, andX.

Sn41 Sn221 Exp.a

at L 4.7 4.6 4.1–4.2
at G 2.1 1.9 2.0–2.4
at X 3.9 3.7 3.6–3.7

aReference 23.



n
te
S
t

s
h

o

a

a

-

n
ic
n

n

can
tive
a-
ral
for

dS,
ore

h of
re
ce
the
al-

r of
nic

arge
e
ore
ults
eri-
-
of
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states becomes increasingly smaller, and the spatial sep
tion between the respective states becomes less pronou
Concomitantly the explicit influence of the semicore sta
on the valence states is very weak for C and stronger for
For the band structures of diamond and Si it turns out tha
does not make any difference whether the semicore state
described as core states or are included in the valence s

The correction of the valence bands due to inclusion
the semicored states in the valence shell is quite small f
a-Sn. The valence bands were investigated by Ho¨chst and
Hernández-Caldero´n using angle-resolved photoemissio
spectroscopy~ARPES!.50 Their results are included in Fig. 4
as full dots. Our QP band-structure results are in very gr
fying agreement with these data.

For the conduction bands, no direct band-structure d
have been reported so far, to our knowledge. A number
experiments addressed optical transition energies~see Ref.
23 and references therein!. For a comparison of our calcu
lated results with these data, we concentrate on the low
dipole-allowed direct transitions at theL, G, and X points
~see Table III!. The band-structure energies of the condu
tion bands are lowered due to including the 4d semicore
states of Sn in the valence shell, while the valence ba
remain more or less unchanged. Concomitantly the opt
transition energies are reduced by some 0.2 eV. The fi
Sn221 PP results are in reasonable agreement with the m
sured data. One exception is theL point, where the transition
energy is somewhat larger than the measured value.

V. SUMMARY

In this paper we investigated the role of semicored states
on quasiparticle band structures of compound and eleme
ara-
ced.
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semiconductors, as well as of the semimetala-Sn. In par-
ticular, we addressed the question of whether these states
be treated as core states when constructing respec
pseudopotentials or should explicitly be included in the v
lence shell. To resolve this question and arrive at gene
trends, we discussed the respective QP band structures
ZnS, CdS, GaN, Ge, anda-Sn.

The band structures of the three compounds ZnS, C
and GaN are very sensitive to the treatment of the semic
states. The gap is drastically reduced, and the bandwidt
the upper valence bands is increased when the semicod
states are explictly included in the calculation as valen
states. This effect is most distinct in ZnS and CdS, where
semicore states have relatively small binding energies,
lowing for a strongp-d coupling to the valence states.

For the group-IV systems Ge anda-Sn, on the other
hand, the influence of the semicored states on the band
structure is much smaller due to the homopolar characte
the materials preventing a spatial separation of electro
valence- and conduction-band states, and due to the l
binding energy of the semicored states. Nevertheless, th
gap of Ge changes from direct to indirect when the semic
states are explicitly treated as valence electrons. Our res
for the gap energies are in very good agreement with exp
ment. For the semimetala-Sn, we also observe slight im
provements in optical transition energies due to inclusion
the semicore states.
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