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We propose a scheme to generate pseudopotentials from strictly self-consistent self-interaction-
corrected local-density-approximation (SIC-LDA) calculations, that are firmly rooted within density
functional theory, and use them in a standard LDA calculation of the structural properties and the
eigenvalue spectrum in crystalline Si, Ge, Sn, and GaAs. Thus we avoid the serious shortcomings
of LDA in small atoms and nevertheless use consistently the same method in both atoms and
solids, since LDA and SIC-LDA coincide for the completely delocalized valence electrons of these
materials. We show that significant effects arise from an improved description of the core. In
particular, Ge, which appears to be a metal with band overlap at the I point of the Brillouin zone
in LDA, can be correctly described as an indirect-gap semiconductor. Still, it is argued that fully
self-consistent self-interaction corrections can ounly eliminate a small part of the gap problem in

sp-bonded semiconductors.

I. INTRODUCTION

Density-functional methods have been of paramount
prominence in the field of ab initio calculations of the
electronic structure of solids for the past 20 years.
Rooted in the theorem of Hohenberg and Kohn,! it was
the local-density approximation (LDA), together with
the Kohn-Sham scheme,? that opened the way for prac-
tical calculations. The LDA is, by construction, exact in
the homogeneous electron gas. In nonuniform systems,
the problem of possible unphysical self-interactions comes
up, as each electron contributes to the total density and
thus to an effective potential that acts again on the same
electron. This problem becomes particularly serious in
small atoms, where two important properties of the ex-
act density functional are violated by LDA, namely the
long-range behavior of the exchange-correlation poten-
tial, which should decay?® like 1/7, and the equivalence of
the highest occupied Kohn-Sham eigenvalue and the first
ionization potential.*

These self-interactions can be explicitly corrected for
and, although this does not lead to the elusive “ex-
act” exchange-correlation functional, at least the proper
long-range behaviour of the effective potential can be re-
stored by this physically motivated approximation and
the gap between first ionization potential and highest
eigenvalue can be reduced for the largest part. Self-
interaction corrections to the local-density approxima-
tion or its spin-polarized variant, the local spin-density
approximation® (LSD), have been successfully applied to
atoms and small molecules® 10 as well as to extended
systems.'1™20 The formalism has its roots in the work
of Perdew and Zunger® and has since been developed
further by other scientists in the field (see the above ci-
tations). The occurrence in this formalism of an appar-
ently state-dependent potential has led to the impression
that it is outside the domain of density-functional the-
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ory. We have proposed?! recently a scheme for a rela-
tivistic self-interaction-corrected LDA (SIC-LDA) which
we could show to be firmly rooted in density-functional
theory and have applied it to free atoms, where it yields
results considerably improved over the normal LDA.

In this paper we investigate how self-interaction correc-
tions that follow strictly the demands of self-consistency
— albeit within the constraints set by the ab initio pseu-
dopotential method and the rigid core approximation —
affect the electronic and structural properties of semi-
conductors in first-principles calculations. The valence
electrons of ideal semiconductor crystals are well de-
scribed by Bloch functions. By their very nature, self-
interaction corrections arise only from states that are lo-
calized within a finite volume of space. Therefore any
possible effects that can be brought about by SIC in these
types of materials rely on an improved description of the
localized core electrons.

Most ab initio calculations for semiconductors use
the pseudopotential formalism and here again the over-
whelming majority of pseudopotentials is generated from
LDA calculations in atoms (e.g., Refs. 22-25), which are
rather inadequate, as explained above. The reason why,
nevertheless, the LDA is used in the generation of pseu-
dopotentials is to be seen in the fact that pseudopotential
theory requires the same method to be employed both in
the construction of a pseudopotential and in its subse-
quent application. Qur approach is to apply consistently
SIC-LDA in the atom and the crystal. In the former, SIC
leads to striking improvements while in the latter, SIC-
LDA and LDA coincide. The better description of the
atomic core is transmitted to the solid by the pseudopo-
tential generated from atomic SIC-LDA calculations.

Pseudopotentials with some approximate self-inter-
action corrections have been proposed earlier by Zunger?®
and Shirley et al.?” and tested in atoms and small
molecules. The present work constitutes, to the best of
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our knowlegde, the first attempt to generate pseudopo-
{entials from fully self-consistent relativistic SIC-LDA
calculations and apply them in infinite solids.

One set of quantities we will be looking at are the band
gaps. The latter are traditionally very poorly described
in LDA and constitute the most visible failure of the LDA
in semiconductors. Density-functional theory, albeit a
ground-state theory, is capable in principle to provide
the fundamental gap in a semiconductor crystal as the
difference of the Kohn-Sham eigenvalues of the highest
occupied states of an N- and (N + 1)-electron system:®

(1.1)

Perdew and Levy?® and Sham and Schliiter®® could show
that this gap is connected to the Kohn-Sham eigenvalues
of the N-electron system by the relation

€g = en+1(N + 1) — en(N).

€g = € — €y + Axe, (1.2)
where ¢, is the Kohn-Sham eigenvalue of the bottom of
the conduction band and ¢, that of the top of the va-
lence band. A,. denotes a discontinuity in the functional
derivative of the exchange-correlation energy by the oc-
cupation numbers.
The LDA possesses no such discontinuity,
. ALPA — (1.3)
so that it is consistent within the LDA. model to interpret
the eigenvalue gap as the fundamental gap. However,
the model itself suffers from deficiencies, as witnessed by
the poor gaps in semiconductors. It is not quite clear,
though, how much of the error is to be attributed to the
lacking discontinuity of the LDA exchange-correlation
energy.31~3* The SIC-LDA formalism for semiconductors
we develop here will eventually not lead to a discon-
tinuous exchange-correlation energy derivative and thus
we cannot, with this method, fully eliminate the gap
problem. However, we do show that significant gains in

the description of the valence electrons can be achieved
J
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through self-interaction corrections to the core alone.

The paper is organized as follows. In the second section
we describe the principles of SIC-LDA, in the third the
construction of the pseudopotentials is laid out, and in
the fourth numerical results are presented and discussed.
A summary concludes the paper. Note that all equations
are written in atomic units.

II. SELF-INTERACTION CORRECTIONS

In this section we repeat the key elements of the SIC-
LDA formalism.Z! A nonrelativistic picture is chosen for
greater clarity.

The SIC-LDA energy functional of an N-electron sys-
tem to be minimized with respect to the density is in full
generality

ESIC-LDA[p] — @LDA[p] + UH [p] + E}I{;(PA[p]

+ / (1) Vext (1) 5. 2.1)

Here, p denotes the density, Ug[p] the Hartree energy,
ELDA the local-density approximation to the exchange-
correlation energy, vext any external potential, and

N

= min
p] {¢:}—=p =1

—E,EPA[IqSi!"‘]}-

@LDA[

{<¢4 T6:) — Unlldil’]
(2.2)

The minimization in Eq. (2.2) is over all sets of orthonor-
mal one-electron wave functions ¢; that fulfill

N

Z |¢:I =p,

i=1

(2.3)

and T is the kinetic energy operator.
Instead of minimizing ESIC-LPA[p] with respect to the
density, one can minimize the functional

wi N
EgIC-LDA[{q;,.}] =3 (%[ T ;) + Unlp] + Ex>A (] + / p(r)vext (r)d>r

=1

(2.4)

rap S (-on [, ] - 22 [0

with respect to the orthogonal one-electron wave functions ¥;. For each set of functions {¥;} one has to find among all
unitary matrices M the matrix M that minimizes the second sum in Eq. (2.4). The minimum of the total functional
is reached, if the equations

occ
(T + va[p] + Vxelo] + vext + 75C + > (v5%[ox] — 55°) |44} (¢kl) [¥:) = € [¥:) (2.5)
k
. !
hold simultaneously for ¢ = 1,..., N. The following sym- Pr = |<;‘>k|2 , (2.7)
bols have been used: ‘USIC[pk] = —vg[pk] — vxelprl, (2.8)
_ 1
C = %:M;:,,\pj, (2.6) 0= = Ek:vs“’[pk], (2.9)
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where “occ” indicates that the summation is over oc-
cupied orbitals only. vy and vy, are the Hartree and
exchange-correlation potentials. The orbitals ¥; are
called “canomical orbitals” and represent the relevant
wave functions in a one-electron picture,?! and the ¢;
are called “localized orbitals.”

The set {¥?} which minimizes (2.4) yields the density
Po = Efil |‘D?
and the equality

ESIC-LDA[pO] — E‘%IC-LDA[{‘I,::J}]

? which minimizes the functional (2.1)

(2.10)

holds. Thus the equivalence of both minimizations is
guaranteed.
The second sum in Eq. (2.4),
]

N
Usic = nllwin;(—UH [

- (|5, [ ]),

represents the self-interaction correction to the total en-
ergy and only this term distinguishes ES'°-LPA from its
LDA counterpart.

The critical problem in truly self-consistent SIC-LDA
is to find the transformation M between canonical and
localized orbitals. In atoms, this problem has been
solved.1%:2! In solids it is rather more complicated. We
therefore make a few assumptions for the materials we
deal with in this paper. The first is that the transfor-
mation will not mix core and valence states. This is mo-
tivated by the relatively small overlap between ¢ore and
valence states. Consequently Usic splits up into

Usic[{¢}] = Usic[{#c}] + Usic[{¢»}],

where the indices ¢ and v denote core and valence func-
tions.

The core states can be treated as atomiclike and the
proper transformation is easily found (see the next sec-
tion). The canonical valence wave functions of peri-
odic semiconductor crystals, on the other hand, can be
well represented by Bloch functions, which are extended
over the full volume of the crystal. If we assume that
for the valence states the canonical functions ¥, and
the localized functions ¢, are identical, the valence part
Ugc = Usicl{¢v}] of the self-interaction correction will
be zero. If N, valence electrons in a system of volume V'
are extended over the entire volume, the Hartree part of
Ug;c scales like N,,/V? and the exchange-correlation part
like N, /V#/3, s0 that at a fixed average density N, /V it
vanishes asymptotically with growing system size. There-
fore, if U was to be finite, the localizing transforma-
tion M could not be unity. Of course, there is always
the possibility of a transformation between a Bloch and
a localized base, but such a transformation does not nec-
essarily lead to a valid solution for the localized orbitals
in Eq. (2.4), as it may yield a total energy that is higher
than the pure LDA solution. In some cases, such ar-
bitrary localized orbitals even give a positive Uq, as

Ej M;i\p.’i

(2.11)

(2.12)
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has been demonstrated by Norman® in the homogeneous

electron gas. In fact, if Ugjq is not zero, the removal of
a single electron from a valence band would lead to a lo-
calized hole in the density, which is not to be expected
in standard semiconductors. We therefore assume that
in the semiconductors we are going to consider, the lo-
calized and canonical valence states are identical and do
not contribute to the self-interaction correction.

Earlier calculations have been performed with localized
valence orbitals that have not been derived from a self-
consistent minimization procedure. For example, very
good band gaps have been obtained for Si in Ref. 36.
However, such a method is, because of the arbitrariness
in the choice of the localized orbitals, more compara-
ble to semiempirical procedures. Their results show also
that the wider gaps are obtained as a consequence of the
shrinkage of the valence-band width as SIC causes more
of the total energy to be transferred from the kinetic
part to the potential part, in analogy to the situation in a
Mott insulator. This makes it even more implausible that
valence-band states in sp-bonded semiconductors possess
a finite self-interaction correction.

IIL. SELF-INTERACTION-CORRECTED
PSEUDOPOTENTIALS

If we assume a priori that there exists no self-
interaction correction for the valence states, we can con-
centrate solely on the core states. The core states of
a crystalline solid in a plane-wave calculation are cus-
tomarily represented by pseudopotentials that are de-
rived from all-electron self-consistent atomic calculations.
The consistent construction of a pseudopotential requires
that the atomic calculations are performed with the same
method as the subsequent calculations in the solid. This
is why, as mentioned in the Introduction, so many pseu-
dopotentials are generated from atomic LDA calcula-
tions, even though it is well known that LDA in atoms has
severe deficiencies. SIC-LDA offers a promising alterna-
tive since it produces good results in atoms® 82! and re-
duces for the valence states of semiconductors quite natu-
rally to the simple LDA, as we know from the above con-
siderations. Most importantly, the correct® long-range
1/r behavior of the effective atomic potential is assured
and the criterion that the highest occupied eigenvalue
must equal the first ionization potential? is much nearer
fulfilled than in LDA.2! The consequence for the solid is
eventually that the core density is better described than
is done with LDA pseudopotentials.

We have developed a method to calculate the elec-
tronic structure of atoms with a fully relativistic self-
interaction-corrected LDA,?' which enables us to gener-
ate pseudopotentials that can later reproduce the spin-
orbit splitting in crystals. Let us briefly outline the basics
of the atomic calculations and the pseudopotential con-
struction.

We work in the spherical approximation and have to
solve the following set of equations:

H e = €mulime-

(3.1)
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Uy is the radial part, multiplied by r, of the canonical
wave function, £ uniquely identifies the quantum num-
bers of orbital angular momentum ! and total angular
momentum 7, and

-0+ i j=1+1
”"{ 1 j=l-k, (3.2)
The index m labels different eigenstates having the same
quantum number k and must not be confused with a
magnetic quantum number. The radial functions ..
are two-component spinor functions, comprising a major
component G and a minor component F,

_ [ Gmr(r)
U (r) = (an(r)> . (3.3)
The Hamiltonian H, is given by
H,=Hp - +ul§(r)

+ > (v*Clomn] = 7€) P, (3.4)

d K

R

dr r €

In an atom of nuclear charge Z, the local part of the
effective potential, including the local SIC contributions,
is

V52(r) = =2+ ua([pl ) + oEPA ()
+05C([{p:}li7)

where the p; are spherically averaged orbital densities

(3.6)
pilr) = 5 [G20) + F2()] - (37)

Here, all quantum numbers have been lumped together
into 7. The total density is consequently given by

zZ
o(r) = 3 pil1).

i=1

(3.8)

P, is the projector onto the function

Wi (7) = ZM:n,mum:K(r) , (3.9)

which constitutes the radial part, multiplied by r, of the
respective localized orbital. All other symbols are chosen
as in Eqgs. (2.4) and (2.5).

The eventual comstruction of the pseudopotentials is
made more difficult by the existence of a nonlocal com-
ponent in the effective potential and requires some ad-
ditional thought. Our solution is to perform a two-step
calculation. In the first step, a fully self-consistent rela-
tivistic SIC-LDA calculation is performed. In the second,
we save the core density from the first calculation and
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use it as input into a relativistic LDA calculation with-
out SIC, in which only the valence density is determined
self-consistently but the core density is kept fixed in its
SIC-LDA shape. This method takes the picture of the
“rigid core” seriously, which is at the heart of the pseu-
dopotential method. One loses the strict orthogonality
of core and valence states, but this orthogonality is never
fully preserved as one moves the pseudopotential from

_the atomic environment to the solid. Since eventually the

pseudopotentials will be used in a semiconductor, where
the valence electrons see no self-interaction corrections, it
is even more in the spirit of the problem to construct the
pseudopotentials from LDA wave functions, while pre-
serving the SIC effects on the core. From these latter
LDA calculations, we construct the pseudopotentials in
a standard manner, choosing the method of Hamann.3”

IV. RESULTS

The SIC potential is generally attractive and therefore
causes the electrons to be closer concentrated around the
atomic nucleus. This is demonstrated in Fig. 1, where
the core density of the Ge atom from self-consistent calcu-
lations with and without SIC is compared. Consequently,
the valence electrons in the LDA calculation see a better
screened nucleus and become less tightly bound. This
is mirrored in the pseudopotentials, which become less
attractive when core self-interaction corrections are in-
cluded (see Fig. 2).

Tables I and II give a compilation of the calculated
eigenvalue spectra at selected Brillouin-zone points of Si,
Ge, a-Sn, and GaAs. All calculations use relativistic
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FIG. 1. Displayed is the integrated difference between the
core charge densities of a free Ge atom with (SIC) and with-
out (LDA) self-interaction corrections, that is the difference
in core charge contained in a concentric sphere of radius r.
SIC causes more of the charge to be concentrated near to the
nucleus.
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pseudopotentials®®3® and, with the exception of Si, spin-

orbit coupling has been included in the crystal Hamil-
tonian. The Brillouin-zone integrations were done with
ten special k points and the cutoff energies for the plane
waves are 17 Ry in Si, 20 Ry in Ge, 16 Ry in Sn, and
again 20 Ry in GaAs. The trend one generally observes is
this: compared to pure LDA calculations, the lowest non-
degenerate conduction band at I' is moved upwards, as is
the lowest conduction band at L, but to a lesser degree.
The lowest conduction band at the X point moves very
little, and in some cases the gap there shrinks slightly.
‘Where the gaps increase, this means in all cases an im-
proved agreement with experiment, as the LDA gaps are
far too small.

The different size of the upward shift at I" and L leads
to an important effect in Ge, which is now described cor-
rectly as an indirect-gap semiconductor with conduction-
band minimum at L, whereas LDA makes it appear a
metal with a band overlap at I'. The effect of SIC on
the gaps in Ge is highlighted in Fig. 3. The gap error
in Si cannot be corrected, since the fundamental gap is
located close to the X point on the A axis. A fairly
strong increase occurs in the energy of the I'y: conduc-
tion band, but since this is not the lowest level at T" and
far above the fundamental gap, this is of little practi-
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FIG. 2. Ge pseudopotentials for the s, p, and d angular mo-
mentum components (unscreened). The more tightly bound
core charge of the SIC calculation screens the nucleus more ef-
fectively and results in a less attractive effective potential for
the valence electrons, compared to simple LDA calculations.

TABLE 1. Eigenvalue spectrum for Si and GaAs, calculated with ordinary LDA pseudopotentials
and with pseudopotentials incorporating self-interaction corrections to the core (SIC). Stars on
experimental values for GaAs indicate that they were measured without resolving the splitting of

the valence-band top and have therefore been adjusted here by 0.13 eV.

Si ‘GaAs
Level SIC LDA Expt. Level = SIC LDA Expt.
Loy -9.56 -9.56 -9.3+0.4% Lo 1114 112 ¢ -11.37® -
Ly -6.96 -6.95 -6.740.2% Lo -6.75 -6.72 -6.83*®
L, -1.16 -1.16 -1.240.2® Leo -1.39 -1.35 -1.43*®
Ly, 1.48 1.46 1.65+0.01% Lasy -1.15 -1.11 -1.43*®
Ls. 3.26 3.34 4.15° Lec 0.91 0.88 1.81°
Lo, 7.64 7.73 Leec 4.46 4.52 5.32*°
Lese 4.57 4.64 5.32%¢
Lee 7.59 7.82 8.47*¢
Ty -11.89 -11.88 -12.50+0.6 Tsv -12.75 -12.68 -13.08*®
| S 0.00 0.00 0.00 T -0.39 -0.39 -0.34*
Tise 2.56 2.59 3.05° Tso 0.00 0.00 0.00
Tor 3.41 3.26 4.1° Tec 0.57 0.46 1.52%
Tre 3.49 3.54 4.488>
Tsc 3.70 3.76 4.659°
X1o -7.76 - Xev -10.44 -10.44 -10.88*>
Xav -2.81 -2.81 -2.94 Xeo -6.86 -6.90 -6.83*®
Xic 0.54 0.62 1.25° Xeow -2.86 -2.78 -2.93*2
Xac 10.18 10.11 Xoo -2.77 -2.69 -2.93*2
Xec 1.18 1.27 1.98°
Xre 1.45 1.49 2.38%°
Xec 10.14 10.13
10.20

Xre 10.22

®Reference 46.
bReference 47.
°Reference 48.
dReference 49.
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TABLE II. Like Table I, now for Ge and Sn. Again, stars on experimental values for Ge indicate
that they were measured without resolving the splitting of the valence-band top and have therefore

been adjusted here by 0.1 eV.

“Sn

Ge
Level SIC LDA ~ Expt. SIC  LDA _ Expt.
Lg, -10.70 -10.72 -10.7£0.5*® -9.28 -9.24
L, -7.70 -7.65 -7.84+0.2** -6.62 -6.58
L, -1.62 -1.57 -1.540.3** -1.69 -1.66
L0 -1.41 -1.36 -1.540.3** -1.21 -1.18
L, 0.10 0.03 0.744:+0.1° -0.29 -0.30 0.09 - 0.115®
Ly, 3.57 3.59 4.3*? 2.81 2.86
Ly e 3.70 3.72 4.3*® 3.08 3.14
Lg. 6.98 7.13 7.7*P 5.43 5.59
ri, -12.76 -12.75 -13.0£0.3*° -10.89 -10.80
T3, -0.34 -0.34 -0.296" -0.75 -0.75 -0.80°
Ty, 0.00 0.00 0.00 0.00 0.00 0.00
Ty, " 0.12 -0.10 0.898* -0.80 -0.90 -0.634 to -0.413°
T,. 2.31 2.33 3.006%¢ 1.55 1.58 1.98°
T 2.56 2.58 3.206> 2.08 2.12 2.25 - 2.48°
Xs -8.93 -8.95 -9.440.3*¢ -7.82 -7.79
X5 . -3.20 -3.10 -3.2540.20** -2.80 -2.75
Xs 0.53 0.56 1.240.20** 0.45 0.51
Xs 9.53 9.43

752 750

*Reference 46.
bReference 48.
“Reference 50.
dReference 51.

cal relevance. In GaAs, the lowest conduction bands at
I' and L move in the right direction, reducing the LDA
error as they do in a~Sn, but this is not enough to elimi-
nate the spurious band overlap at L. In all materials, the
spin-orbit splitting of the valence-band edge is described
in fair agreement with experiments, independent of any
self-interaction correction.

The clue to these trends can be taken from simple es-
timates. The tighter core screens the nucleus more ef-
fectively and therefore causes the atomic valence states,
when calculated without self-interaction corrections, to
be weaker bound. The s electrons experience more of
this effect than the outermost p electrons, and as a con-

1.4

: - ———y
121 & LDA Ge :
= =B SIC %
o, 1.0¢ &z Exp. :
§ 0.8} 3
> 0.6} ]
) 04
s T} ]
w 0.2f 3
0.0 %
-O_ZLL n s oo
L T X r-L

c

FIG. 3. Selected energy gaps in Ge. Self-interaction correc-
tions open up the gaps at L and I, but by different amounts,
so that the fundamental gap becomes indirect. The gap at X
shrinks by a very small amount.

sequence the level distance between the s and p valence
electrons shrinks, compared to a normal LDA calcula-
tion (see Table IIT). Chadi and Cohen®® have given the

following tight-binding formulas:
E(I‘gl) —E(I‘;sl) = €5 —€p+V1, (4.1)
C v 1 1 Py
B(X7) - E(T3s) = §(€a — &)+ 2V (s — €p)% + 4V,
(4.2)
C v 1
E(LS) — E(T3s) = 'Z'(Ea ~ €p)
et Ve 112V, (43)

E(L3sc) — E(T3s) = Va,

(4.4)

valid for diamant structure materials like Si, Ge, and a-

TABLE III. Eigenvalue differences ¢, — ¢, (in eV) of the
highest s and p levels in the free atom, calculated in rela-
tivistic LDA, or in relativistic LDA for the valence electrons
and a fixed core density from relativistic all-electron SIC-LDA
calculations. In the latter case, the level distances generally
decrease.

Element LDA LDA + SIC core
Si -6.72 -6.68
Ge -7.90 =777
Sn -6.93 -6.83
Ga -6.43 -6.28
As -9.35 -9.25




TABLE IV. Theoretical and experimental lattice constants
a (in &) and bulk moduli B (in GPa). Experimental values
from Ref. 46.

aLDA asic Qexp Brpa Bsic Bexpt

Si 5.39 5.44 5.43 97.9 96.3 97.8

Ge 5.58 5.70 5.66 77.8 73.7 75.8
Sn 6.44 6.53 6.49 49.8 46.1 53.0
GaAs 5.57 5.70 5.66 79.0 72.5 76.9

Sn, to predict the band structure in the solid from the
atomic s and p valence levels. The V; denote compounded
overlap matrix elements that depend themselves only in
higher order on the atomic eigenvalues and they can be
assumed constant in a rough estimate. One sees now
immediately that as a consequence of the shrinkage of the
atomic s — p level distance the gap between I'§, and I'j
will open up. The indirect gap L. — I'j; will also widen,
but to a lesser degree, since V3 is positive and of the same
order of magnitude as €, — €, in all cases considered.*°
The gap between X§ and I'3; will vary least, as there
are positive and negative contributions almost canceling
each other. For a weakly polar zinc-blende material like
GaAs, these qualitative estimates remain valid.

Beside the eigenvalue gaps, there is also a clear effect
of SIC on the lattice constants. Table IV lists the lattice
constants calculated with and without SIC. Generally
SIC widens the lattice constants, as the better screened
nuclei cause more charge to be concentrated in the in-
terstitial regions. Even though LDA describes the lattice
constants fairly well, the relative error is once more re-
duced by SIC. At the same time, the bulk modulus, cal-
culated from a fit of the total energy to the Murnaghan
equation of state,?! is generally somewhat reduced com-
pared to LDA and below the experimental value.

Some improvement of standard LDA pseudopotential
results is possible, if nonlinear core corrections?? are
taken into account. This leads unfortunately to even
smaller gaps but improvements in the lattice constants,
as has been shown, for example, by Qteish and Needs*3
for several semiconductors.

In our current method we retain a nonlinear exchange-
correlation potential. One might expect the effects of
any nonlinear core correction to be less important than
in pure LDA since the overlap between the SIC-LDA core
and valence density is smaller. On applying these partial
core corrections*? (PCC) to the present SIC-LDA scheme
we see effects that are small indeed but exactly analo-
gous to normal LDA: the gaps shrink, the valence-band
width widens, and the lattice constants increase slightly.
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‘We give here two examples for the effects of PCC. Using
LDA+PCC and SIC+PCC, respectively, for the lattice
constants, we find 5.40 and 5.44 A in Si and 5.61 and
5.72 A in Ge. The direct gap is obtained by the two
methods as 2.57 and 2.54 eV in Si and -0.16 and 0.05 eV
in Ge, respectively, and Ge remains just indirect. Thus,
all the qualitative statements made earlier remain true
as far as the gaps are concerned, but the SIC-LDA plus
PCC results for the lattice constants do not agree better
or worse with experiment than LDA plus PCC calcula-
tions in general.

In passing we note that the question of an improved
description of the core has been tackled with a quite dif-
ferent method by Bylander and Kleinman,** who con-
structed pseudopotentials where in the atomic calcula-
tions the core electrons contributed to a Hartree-Fock
potential and the valence electron to an LDA exchange-
correlation potential. They thus could also more accu-
rately describe the core density and and observed quali-
tatively similar effects as we do here but achieved quan-
titatively even better agreement between theory and
experiment, 445

V. SUMMARY

We have generated pseudopotentials from fully self-
consistent relativistic self-interaction-corrected LDA cal-
culations in atoms and thus achieved important improve-
ments in the description of the core density. We could
demonstrate that, compared to standard LDA pseudopo-
tentials, these pseudopotentials lead to a widening of the
eigenvalue gaps at the I and L point of the Brillouin zone
in the materials considered. Also the distance between
the lowest conduction band at I’ and L is brought better
into line with experiment. We can trace these improve-
ments to a tighter screening of the atomic nuclei, an effect
that also leads to an increase in the lattice constants. In
no case can the gap problem of LDA be remedied in its
full extent, though. The lattice constants can be calcu-
lated with a precision that is superior to simple LDA and
comparable to the LDA with nonlinear core corrections.
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