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linear mufnn-tin orbitals method: The role of the d electrons
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The structural and electronic properties of cubic GaN are studied within the local-density ap-
proximation by the full-potential linear mufBn-tin orbitals method. The Ga 3d electrons are treated
as band states, and no shape approximation is made to the potential and charge density. The influ-
ence of d electrons on the band structure, charge density, and bonding properties is analyzed. Due
to the energy resonance of Ga 3d states with nitrogen 2s states, the cation d bands are not inert,
and features unusual for a III-V compound are found in the lower part of the valence band and in
the valence charge density and density of states. To clarify the influence of the d states on the co-
hesive properties, additional full- and frozen-overlapped-core calculations were performed for GaN,
cubic ZnS, GaAs, and Si. The results show, in addition to the known importance of core-valence
exchange-correlation nonlinearity, that an explicit description of closed-shell interaction has a no-
ticeable eR'ect on the cohesive properties of GaN. Since its band structure and cohesive properties
are sensitive to a proper treatment of the cation d bands, GaN appears to be somewhat exceptional
among the III-V compounds and reminiscent of II-VI materials.

I. INTRODUCTION

Recently, considerable interest has arisen in the wide-
gap III-V nitrides as candidates for the realization of
devices emitting light in the blue range of the visible
spectrum. In particular, successful epitaxial growth of
thin films of gallium nitride has recently been demon-
strated, resulting in material having the wurtzite or the
zinc-blende structure, 2 depending on the substrate.

Although several ab initio investigations of this system
have appeared recentlys 7 (they are discussed in compar-
ison with our results in a later section), GaN is still rel-
atively poorly known from the theoretical point of view,
despite its increasing technological interest. Accurate
theoretical predictions are of some relevance in the case
of GaN, since characterization and experimental work on
this material is still at an early stage when compared to
the average development level of III-V technology. The
issue of a theoretical description of this system is also of
interest in itself, due to the open question about the role
of the Ga d electrons.

In this work we present calculations of lattice proper-
ties and band structure of GaN in the zinc-blende struc-
ture (ZB) performed ab initio within the local-density
approximation (LDA) to the density-functional theory
(DFT) exchange-correlation functionals using the all-
electron full-potential linear muffin-tin orbitals method
(FP-LMTO). We analyze the character of band states,
density of states, and charge densities, showing the rel-
evance of the Ga d shell in determining the proper-
ties of the material. Also, we perform full- and frozen-
overlapped-core calculations for GaN, ZnS, GaAs, and
Si, which enable us to examine the eÃects of the d shell
and of other core states on the cohesive properties of the
four materials.

In Sec. II we discuss technicalities, in Sec. III some
background, in Secs. IV and V the effects of d elec-
trons on the band structure and cohesive properties. Sec-
tion VI compares our results to previous calculations, and
Sec. VII displays some relevant aspects of charge densities
and wave functions for GaN. Rydberg and bohr atomic
units are assumed, unless otherwise specified.

II. TECHNICALITIES

Our calculations were performed within the LDA by
the FP-LMTO method using the Vosko-Wilk-Nusair~
parametrization of the Ceperley-Alder exchange-
correlation energy, and the Monkhorst-Pack 10 special-
points mesh. The 2s and 2p states of N and the 3d, 4s,
and 4p states of Ga are treated as bands, whereas the
remaining core states are self-consistently relaxed in a
spherical approximation. As a variational basis for solv-
ing the Schrodinger equation, three augmented Hankel
functions are used on each occupied atomic site with de-
cay energies —0.7, —1.0, and —2.3 Ry up to angular mo-
mentum l = 2. This LMTO basis is centered only on the
Ga and N spheres (not on the empty spheres; see below),
giving 27 functions per atom.

The atomic spheres are nonoverlapping (sphere radii
being 97% of half the nearest-neighbor distance) in con-
trast with the often-used atomic-spheres approximation
(ASA) version of the LMTO method. ~s As usual, empty
spheres (of the same size as the atomic ones) are inserted
in the interstitial regions of the ZB structure to improve
the packing fraction.

A full-potential technique needs an accurate evaluation
of interstitial three-center integrals and charge density.
This is done by an interpolation technique which rep-
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resents the product of two Hankel functions as a linear
combination of other Hankel functions in the interstitial
region. The same technique is used to represent the inter-
stitial exchange-correlation potential and energy density.
More details are to be found in Ref. 9. The auxiliary in-
terstitial charge density is expressed as an expansion in
Hankel functions with decay energies —1.0 and —3.0 Ry,
centered on all spheres, with angular momentum up to
l =4.

The results presented below were obtained using a non-
relativistic code. We also performed a scalar-relativistic
calculation for GaN with the same method, and the re-
sults are found to be essentially unchanged (the lattice
constant and fundamental gap are reduced by 0.2% and
1.5%, respectively, and the cohesive energy is practically
identical) .

III. BACKGROUND

CD

-10

CD

LaJ
—15

-20

Cd 5s
Zn 4s

Zn 3d

Cd 4d

II —VI

Se 4p
S 3p

Se 4s
S 3s

In
Ga

In 5s
Ga 4s

In 3d
Ga 3d

III-V

Sb 5p
As 4p
P 3p
N 2p

Sb 5s

P 3s
As 4s

N 2s

FIG. 1. Nonrelativistic free-atom LDA eigenvalues for
some elements involved in the formation of III-V and II-VI
compounds.

Although GaN is close to being a polytypic
material, ' we have not attempted a prediction of the
relative stability of ZB and wurtzite structures. ~5 The
first reason for this is that wurtzite-ZB energy differences
are known to be very small both experimentally and
computationally in many analogous systems;» second,
wurtzite is already known to be the stable equilibrium
structure of GaN under normal experimental conditions;
finally, the existence of an "easy" structural transition
induced by the substrate symmetry in epitaxial growth
has already been demonstrated experimentally; ' there-
fore, and also in view of the existence of a synthetic cubic
phase of GaN, we consider an analysis of the properties
of the cubic phase to be quite relevant at this stage. We
note that several theoretical studies have already tack-
led the problem of phase stability and transformation of
GaN, which is not going to be addressed here.

In view of the real-space localization of the valence
electrons of N and of the d shell of Ga, the use of an all-
electron method, in which electronic states are all treated
on equal footing irrespective of their localization proper-
ties, appears to be important. In particular, prior to
information to the contrary, a proper treatment of the
Ga d shell is required. To get an indication of the rel-
evance of these states, one can consider calculations for
the free atoms. The approximation of freezing any elec-
tronic states in the core, or of eliminating them by a
pseudization procedure, can be expected to work only if
they are clearly more strongly bound than any of the rel-
evant valence states in the free atom. Further, even if
the frozen-core or pseudoatom approximation appears to
be reasonable in terms of orbital localization or of depth
of eigenvalues, it may break down in a compound crystal
due to resonances of the atomic levels of different con-
stituent atoms. An inspection of the free-atom energy
levels of Ga and N shows that a special situation oc-
curs in GaN (see Fig. 1). The three uppermost valence
bands will originate from the sp states of Ga and the 2p
electrons of N, the corresponding nonrelativistic full-core
free-atom eigenvalues (referred to the ionization limit)
being e4„———2.72 eV, e4, ———9.12 eV, e&„———7.21 eV.
The lower s valence band should stem from the 2s states

of N, for which e2, ———18.37 eV; interestingly, though,
the atomic d states of Ga are found at ~&&

———20.0 eV,
in near resonance with the N 2s states. From the atomic
eigenvalues, one can thus infer that the appearance of d
bands must be expected near the lowest, N 2s-like valence
band. Because of the large Ga-Ga distance, we do not ex-
pect a direct interaction of Ga 3d orbitals, but an indirect
one mediated by the resonance with N 2s states. This
suggests that the proper treatment of the Ga d states as
bands is important for understanding the properties of
GaN. A recent, comprehensive study of the effects of d
states on the properties of II-VI compounds~ is a useful
reference on the problems to be expected in this context.

IV. INFLUENCE OF CATION d STATES
ON THE BAND STRUCTURE

To follow up the suggested special role of the cation 3d
states in GaN, the band structures of three representative
compounds are compared in Fig. 2: those of ZnS, GaN,
and GaAs. The role of the metal d states is strikingly ev-
ident in the GaN band structure (central panel), which
turns out to be a borderline case between the typical III-
V compound GaAs (bottom) in which practically inert d
bands appear well below the s-like bottom valence band,
and the typical II-VI compound ZnS (top), in which the
d bands lie in the heteropolar gap. In effect, for Zn II-VI
compounds such as ZnS, in spite of the relatively limited
dispersion, a large hybridization with other states has
been shown to be present (e.g. , in ZnO, s where Zn 3d
character is as large as 30% to 70% in valence states usu-
ally identified as sp states). It is apparent that a proper
treatment of the Ga d shell is essential in determining
the band structure of GaN. As expected, the d bands are
strongly hybridized with the bottom s-like valence band
stemming from N 2s, which results in a large splitting
away from the zone center (as sd mixing is symmetry
forbidden at I'). For example, at the I point the bot-
tom valence band (Li in Fig. 2) and the lower branch of
the upper valence bands (I i in Fig. 2) both belong to
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the Lq representation of the little group of k, Cs„, the d
bands split into two basically inert Ls doublets (one of
these originates from the nonbonding I'q2, see figures in
Sec. VII), and an Lq singlet which interacts strongly with
the other Lq bands (see also the discussion in Sec. VII).

To gain some additional insight, it is useful to com-
pare the band structure (Fig. 2) with the atom-projected
density of states (DOS) of GaN, for s, p, and d angular
momenta, given in Fig. 3. A mesh of 344 special points in
the irreducible wedge of the Brillouin zone and a Gaus-
sian broadening of 0.37 eV were used, and the Mullikan
decomposition technique was employed (see the Ap-
pendix). The s and d bands have contributions from
both Ga and N sites, which is a consequence of their hy-
bridization, although most s character still comes from
N, whereas most of the d character resides on the Ga site,
and is barely sizable on N over the whole valence band
(the total charge of d character contributed by the N site
is about 0.08 electrons). The N p states dominate the
top valence band, but of course spd Ga contributions are
present as well. The s DOS shows a predominant con-
tribution of N 2s to both of the lower bands, and almost
none in the upper bands, where some Ga s character is
present instead.

Next, in Fig. 4, we show a blow-up of the d bands along
the A and 6 lines. Along A the symmetry is Cs„.. the
I'~2 band goes over to a A3 state and remains twofold
degenerate, while the I'qs splits into a As doublet and a
Aq singlet, which interacts with the bottom and top va-
lence bands. Along 4, the symmetry is C4„, so that I qs
splits into a As doublet and a b.j singlet, and I'qz goes
into Az and Aq singlets. The compatibility between the
latter and the singlet stemming from I'~5 brings about
an anticrossing feature with antibonding and nonbond-
ing character being exchanged between the upper and
lower levels. The splitting of the hybridized band and
the center of mass of the "inert" d bands is 2.03 eV at
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FIG. 2. FP-LMTO band structure of GaN (center), com-
pared to those of ZnS (top) and GaAs (bottom). State labels
for the central panel apply straightforwardly to the others.
In each panel, the energy zero is the valence-band top. The
bands are calculated at the theoretical lattice constants.
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FIG. 3. Mullikan angular momentum decomposition of
atom-projected densities of states. From top to bottom: Ga
8, p, and d states, and N 8, p, and d states.
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FIG. 4. Detail of the d bands of GaN along L-I'-X. De-
generacies are indicated in parentheses. Energy scale as in
Fig. 2.

X and 1.56 eV at I. It is of some interest to note that
these features are an amplification of a pattern present,
although less pronounced, in the d bands of ZnS and
ZnSe, in accordance with previous all-electron results.
Apart from the relative separation of the sd bands, we
have observed that as the self-consistency process pro-
ceeds, the Ga d levels move up in energy relative to the
N s bands, which hardly move at all—that is, the center
of mass of the hybridized sd crystal levels is raised in
energy with respect to the center of mass of the corre-
sponding atomic levels. This indicates the importance of
a self-consistent treatment for the one-electron energies:
the global effects of "freezing" the Ga d states (and core
levels in general) are discussed in the following section.

The (DFT-LDA) fundamental gap is found to be di-
rect at I', E~ = 2.0 eV. The experimental value is 3.55
eV in wurtzite GaN, and reported values for cubic GaN
range from 3.25 to 3.5 eV. An instant estimate of the
self-energy correction to the gap is provided by a re-
cently proposed simple model, which expresses it as

9/s eV. Since the high-frequency dielectric con-
stant c is unknown as yet for the cubic phase, we use
the wurtzite phase e of 5.8, getting a corrected gap of
3.55 eV. The calculated valence-band width is 15.99 eV,
which is substantially larger than that of the related com-
pounds GaAs and GaP (13.0 and 13.1 eV, respectively).
The main heteropolar gap (s to sp band) is 9.01 eV, while
the d-to-sp gap is 5.39 eV (the heteropolar gap in GaAs
is 3.44 eV). Apart from d hybridization, these large gaps
are to be expected in view of the ionicity of GaN.

V. INFLUENCE OF CATION d STATES
ON THE COHESIVE PROPERTIES

The previous section has demonstrated that the Ga d
states play an important role in the band structure of
GaN, due to strong hybridization with the N 2s states

near the bottom of the valence band. Still to be ascer-
tained is the importance of these active d bands for the
cohesive properties.

Before discussing this point, we report our calculated
structural properties of GaN in the ZB structure: ao ——

8.44 bohrs (0 = 150.3 bohrs ), B = 1.98 Mbar, and E,oh
= 10.88 eV/cell (free-atom spin polarization included).
The reported experimental values 2 of the lattice con-
stant of zinc-blende GaN average to 8.54 bohrs, resulting
in an experiment-theory discrepancy of about 1%, which
is usual for LDA calculations on semiconductors. We as-
sume the experimental cohesive energy5 per formula unit
of the wurtzite phase, 9 eV/(Ga-N pair), to be a reason-
able estimate of the (as yet unknown) cohesive energy
per cell of cubic GaN. The resulting overestimation of
the cohesive energy is a known defect of the LDA. s

The role of the d electrons is the ensemble of effects
which originate from the cation semicore d shell being
not inert. In the rest of this section, we endeavor to
analyze in which way core states affect the cohesion of
several materials, including GaN. The question to be an-
swered is whether a reasonable description of the bond-
ing in GaN can be obtained with an approach which
only treats the sp electrons of Ga and N explicitly as
band states. In the pseudopotential framework, for ex-
ample, this is often achieved by simply treating the cation
d states as core states and linearizing core-valence ex-
change and correlation. However, this approach has been
shown to fail manifestly for the II-VI compounds, giv-
ing lattice constants which are typically 10'% to 15%
too small. 3 In this respect, improved pseudopotential
techniques adopt the so-called nonlinear core corrections
(NLCC). 24 Hereby the (frozen) free-atom core density
is added to the (self-consistent) valence density when the
exchange-correlation terms are calculated. This improves
things considerably for the II-VI's, since the lattice con-
stant is now only 3% to 4.5% below the experimental
value. ' Considering our calculated electronic struc-
ture, and especially in view of the work of Min, Chan,
and Ho, 4 we postulate that this effect is at least as im-
portant for GaN without, however, being in the position
of testing this explicitly with our all-electron code.

More generally, the core states can affect the bonding
in three distinct ways. I'erst, if the core is frozen to its
free-atom shape, an (in most cases small) error is made
which, according to the variational principle, must in-
crease the total energy, and hence decrease the cohesive
energy. This effect disappears when the lattice constant
approaches infinity, and it increases rnonotonically for de-
creasing lattice constant as long as the core states remain
very localized on the typical length scale of the lattice:
in the latter regime this effect leads then to an increase
of the lattice constant. Thus, core relaxation effectively
provides a (weak) interatomic attraction. Second, if the
core overlaps appreciably with the on-site valence states,
the effect of the exchange-correlation nonlinearity sets
in, resulting in an interatomic repulsion. Third, if the
core states are large enough to overlap to some extent
(or to interact with neighboring-site filled valence states,
as is the case for the Ga d and N s in GaN), the closed-
shell repulsion becomes noticeable. This is a consequence
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of the increase in the kinetic energy when the cores on
neighboring sites are made orthogonal. If this contri-
bution is neglected, the lattice constant comes out too
small and the cohesive energy too large. The magnitude
of the core-core repulsion effect is governed not only by
the overlap of the core wave functions, but also by the
amount of resonance between the on-site core eigenval-
ues for the neighboring sites. This means that the core
states can only "see" each other if they are in the same
energy range. For a system with neighboring atoms of
different types, it is therefore conceivable that there is a
reduced closed-shell repulsion if core eigenstates do not
resonate. Conversely, for the case of GaN we expect a
stronger such repulsion since, as we have seen, there is
a rather sharp resonance between the Ga 3d and N 2s
states.

To distinguish between the various core contributions
to the bonding, we have done additional calculations us-
ing the following technique. In each iteration, the core
density is obtained by overlapping the frozen free-atom
cores, and the sum of the free-atom core kinetic en-
ergies is taken into the total energy. The overlapped
cores can extend into the interstitial region and into
neighboring atomic spheres. In cases where the core
states are localized enough not to overlap, this "frozen—
overlapped-core" approximation (FOCA) is identical to
the usual frozen-core approximation. For GaN, however,
the Ga core is so large compared to the interatomic dis-
tance (all Ga core states up to and including the 3d,
are treated as frozen) that a straight frozen-core calcu-
lation runs into problems. Of the three core contribu-
tions discussed above, the FOCA procedure includes only
the nonlinear exchange-correlation contribution; it does
not include the core relaxation and closed-shell repul-
sion effects. It should therefore be closely similar to the
pseudopotential-plus-NLCC approach, and should shed
light on the applicability of the latter to GaN and re-
lated systems.

Table I shows the cohesive properties of GaN, ZnS,
GaAs, and Si calculated by the all-electron FP-LMTO
method, both with the full treatment and using the
FOCA, and compares them to NLCC-pseudopotential
(NLCC-PP) results where these are available (the values
for GaN are taken from Ref. 4, which we discuss in more
detail in the next section). For Si, the core is very small
so that the only neglected term in the FOCA is the core
relaxation. In agreement with the discussion above, this
leads to a slightly larger lattice constant and a smaller
cohesive energy. A similar behavior is seen for GaAs, for
which the Ga d states are energetically well below the As
8 states and, in addition, the lattice constant is rather
large. The decoupling of the d states is not complete,
though, and the relatively small effects of core relaxation
and closed-shell repulsion are in competition.

For ZnS as well as GaN, on the other hand, the relevant
efFect neglected in the FOCA is the closed-shell repulsion
with the associated underestimate of the lattice constant
and overestimate of the cohesive energy. However, in
ZnS the repulsion is between the Zn d and S p states.
Although acceptable values are obtained, the lattice con-
stant is still too small by some percent. This is in fact

TABLE I. Calculated structural properties for GaN, ZnS,
GaAs, and Si in the zinc-blende (diamond) structure. The
lattice constant ap is in atomic units, B is the bulk modulus
in Mbar, and bE'«h = E',oh'" —E,~h is the difference of cohe-
sive energies (eV/cell) in the frozen-core and full all-electron
calculations, respectively. Numbers in parentheses indicate
deviations from experimental data.

Si ap
B

~&«h
GaAs ap

B
6E, h

GaN ap
B

~&«h
ZnS ap

B
~&coi

All-electron
10.22 (—0.4)
0.96

10.62 (—0.6)
0.75

8.44 (—1.2)
1.98

10.13 (—0.8)
0.75

FOCAb
10.24 (—0.2)
0.96

—0.41
10.71 (~0.2)
0.65
0.08
8.30 (—2.8)
2.00
0.33
9.92 (—2.9)
0.83
0.34

NLCC-PP' Expt.
10.26
0.99

10.50 (—1.7)
0.77

10.68
0.77

8.12 (—4.7)
2.40

8.54

9.80 (—4.0)
1.06

10.21
0.77

This work, full FP-LMTO.
This work, frozen overlapped-core FP-LMTO.

'Pseudopotentials with nonlinear core corrections (Ref. 4 for
GaN, Ref. 23 for ZnS, Ref. 26 for GaAs).
Data from Numerical Data and Functional Relationships in

Science and Technology, edited by K.-H. Hellwege and O.
Madelung, Landolt-Bornstein, New Series, Group III, Vols.
17a and 22a (Springer, New York, 1982), and references
therein. For cubic GaN an average of the reported experi-
mental data (Refs. 1 and 2) is used.

similar to the deviations found when the pseudopotential
technique with NLCC is applied, as can be seen from Ta-
ble I. We note though that the NLCC-PP errors tend to
be somewhat larger. This may be attributed in part to
the additional approximations needed in the implemen-
tation of the NLCC (e.g. , the approximation of the core
charge inside some inner core radius).

We briefly consider the influence of Ga d-shell freezing
on the band structure of GaN, in particular on the direct
gap, which is 2.00 eV in the full calculation. Although the
absence of repulsion between d and top valence p states
at zone center causes an increase of the gap (see the de-
tailed discussions in Ref. 17 for II-VI's and 20 for GaAs),
a quantitative estimate of gap difFerences is difficult, due
to volume dependences; the high bulk modulus and de-
formation potentials of the relevant states cause effects
similar to those observed for other semiconductors. 7 In
our frozen-core calculation we find a gap of 2.66 eV at
the frozen-core theoretical lattice constant (8.30 bohrs).
When calculated at the theoretical lattice constant of the
full calculation (8.44 bohrs), the frozen-core gap is 2.20
eV, 10% larger than the full gap at the same volume. We
report in passing our estimate for the deformation poten-
tial of the lowest conduction state, 5 meV jkbar, in good
agreement with the experimental value of 4.7 meV/kbar. s

As a summary of this section, the core states can in-
fluence the bonding properties in three ways, namely
through core relaxation, nonlinear core-valence exchange-
correlation effects, and closed-shell repulsion. To obtain
a reasonable description of bonding in II-VI and III-V
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semiconductors with d states in the valence range, it is
presumably imperative to include nonlinear core correc-
tions in a pseudopotential treatment. The core relaxation
has a minor inBuence and can normally be neglected
(apart from cases where accurate cohesive energies are
needed). The closed-shell repulsion is rather significant
in those cases for which the cation d states are in the same
energy range as the anion valence states. As regards the
importance of closed-shell repulsion, GaN turns out to be
very similar to the II-VI compounds. For all of these ma-
terials, a full treatment of the d electrons as band states
is needed in order to reduce the remaining 4% under-
estimate of the lattice constant to the LDA-standard
1 p.

VI. COMPARISON WITH PREVIOUS RESULTS

We are now in a position to compare our findings with
those of previous investigations of GaN. In the follow-

ing our calculation is compared with results obtained by
others for the zinc-blende structure only. As the only ex-
isting all-electron study does not deal directly with zine
blende, we only consider some pseudopotential calcula-
tions which have been recently carried out. It is worth
reiterating that a comparison of our results with those in-

vestigations is not straightforward, due to the problems
encountered by pseudopotential methods in treating lo-
calized nodeless wave functions such as those of the N 2p
and Ga 3d states, and to the technical differences of the
methods.

In the mixed-basis calculation of Ref. 4 a pseudopoten-
tial including nonlinear core corrections 4 (NLCC) for
the frozen 3d shell was used for Ga, and the Bachelet-
Hamann-Schluter (BHS) potential2s was employed for

nitrogen. The adoption of NLCC was found to be neces-
sary, and to improve substantially the transferability of
the Ga potential.

A cell volume of 134 bohr (lattice constant a0 = 8.12
bohrs, —3.7% with respect to our result), a bulk modulus
of 2.4 Mbar, and a direct gap of 2.8 eV were reported.
Since the localized part of the mixed basis can describe
reasonably well the nitrogen valence states despite the
low plane-wave cutoff of 14 Ry, this severe underesti-
mate of the cell volume could well be due to the approx-
imate treatment of the d shell of Ga. This is consistent
with past experience with II-VI's and with our frozen-
overlapped core results (previous section). We mention
that the reported cohesive energy is only 8.2 eV jcell; as
has been argued in Ref. 17, among the effects of partially
active d shells there is an increase in lattice constant and
a reduction of the cohesive energy (see below), so we

would expect the pseudopotential cohesive energy to be
larger than ours. The much larger gap is partially due
to deformation potential effects (the volume being quite
small). A further comparison is possible with our cal-
culated frequency of the TO frozen phonon at the zone
center, which is 0&& ——600 cm . The experimental
frequency is not known in cubic GaN, but the analogous
mode in the wurtzite structure has 0&& ——533 cm . Al-

though the discrepancy is relatively large ( 10%), part
of the problem may lie in wurtzite-ZB difFerences. As an
example, the TO phonon frequency in cubic SiC is known
experimentally to be about 10% higher than in hexagonal
SiC, so this may account for most of the present de-
viation. On the other hand, the NLCC-pseudopotential
result for the uiurtzite TO frequency (Azz ——644 cm )
obtained in Ref. 4 suffers from a considerably worse dis-
crepancy.

Recently, Palummo et al. 5 have studied GaN with
plane waves and pseudopotentials, treating the Ga d shell
as core states, and linearizing the core-valence exchange-
correlation functional (no NLCC). Their results for zinc-
blende GaN (requiring a cutoff of 120 Ry) are somewhat
puzzling. Using the nitrogen pseudopotential by Gonze,
Stumpf, and Schefaerzs (GSS), they obtain a0 = 8.41
bohrs (—0.5% from our result), B = 1.69 Mbar, and
E«h = 10.25 eV (—5.7% from ours), whereas they find
a0 ——8.15 (—3.4%%ua from our result) and B = 2.4 Mbar
when using the nitrogen BHS potential, in close agree-
ment with Ref. 4 (the s and p channel of the GSS poten-
tial and the s, p, and d channels of the BHS potentials
were used, respectively, the last channel listed being in-
cluded in the local potential). As the authors point out,
this important test signals high sensitivity of the results
to the specific potential used for nitrogen, possibly due
to the high ionieity of the system. This is clearly a po-
tential source of major difficulties, whose effects should
be addressed by any similar calculation.

The fundamental gap reported is 2.70 eV, about 0.7
eV larger than ours. 3 This discrepancy could also be at-
tributed to the neglect of the Ga d shell (see the previous
section).

The work just cited has indicated that convergence of
norm-conserving pseudopotential calculations, especially
using standard BHS potentials, requires a very high cut-
of. Van Camp, Van Doren, and Devreese6 used a poorly
converged basis (E«i ——34 Ry), which as noted in Ref.
5 makes their results somewhat unreliable. Munoz and
Kunc7 have used BHS pseudopotentials with a higher
cutofF (70 Ry), which, however, is still only 60—70% of
that used by Palummo et al. ;s despite this, and at vari-
ance with Ref. 5, they obtain good equilibrium proper-
ties for the ZB structure, and a pressure-volume phase
diagram in reasonable agreement with that obtained by
Gorczyca and Christensen by the all-electron LMTO-
ASA method.

In summary, the actual performance of pseudopoten-
tial methods as applied to GaN is still rather unclear.
Our conclusions from the previous section seem to be es-
sentially valid, namely, that pseudopotential calculations
performed without some use of the NLCC can hardly be
considered reliable, and that sizable additional improve-
ments appear if the d states are treated self-consistently
as band states. The situation is therefore similar to
that of II-VI materials, as shown above and in earlier
work. 7 5 Since the treatment of localized N and Ga
states in a pseudopotential approach is rather tricky, the
satisfactory results obtained for GaN with standard, un-
corrected pseudopotential procedures are not easily un-
derstandable.
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VII. WAVE FUNCTIONS AND DENSITIES

The similarity of GaN and the prototypical II-VI ZnS
has been observed in the band structure and cohesive
properties. Such efFects are due to the cation d shell be-
ing not inert in these systems. To render this visually,
we present a selection of partial charge densities for GaN.
This is similar in spirit to the work of Wei and Zunger, 7

who have investigated in some detail the efFect of cation
d states on (among others) the charge densities of se-
lected states and on the total densities in several II-VI
compounds. Charge densities at specific k points [the
modulus squared of the wave function @,(k, r) at kj as
well as k-integrated band contributions to the density
will also be considered. All charge densities are plotted
in a (110) plane. For convenience, superscripts d and v
are used to label states originating from d bands and
uppermost valence bands, respectively, whereas states
with no superscripts are from the bottom valence band.
Density plots have the lowest contour and contour spac-
ing of 0.5 and 1 electron/cell, respectively. Wave func-
tions have been symmetrized. The reader should refer
to Fig. 2 for a guide to the relevant band state labels,
and to Fig. 3 (DOS) for the hybridization of difFerent

angular-momentum characters.
In the zinc-blende structure, the mixing of p and d

states is permitted 7 even at the I point, which has Tg
as a group of k (contrary to the situation in the diamond
structure, where it has the full Oh, symmetry). The upper
valence bands at I' will no longer have the character of a
bonding combination of p orbitals, antibonding d charac-
ter being admixed into them; conversely, the d bands will
contain p components. The mixing of s and d states is
not allowed at I', but at a general k point of lower sym-
metry, states with all symmetries of the rotation group
will in general be allowed to interact. Therefore, charge
density and density of states (which are obtained by aver-
aging over the Brillouin zone), and the full band structure
will be only partially reminiscent of the specific symme-
try of the original atomic states. This is the case, e.g. ,
for the I &5 triplet of d origin which is only p-admixed
at the zone center, but gives rise to a strongly s- and
p-admixed singlet away from the zone center, and for
the I'~ s-like singlet, which is similarly admixed with pd
character away from I'. Already at the zone center, the
ordering of the d-like I'is triplet and I'i2 doublet (which
remains practically inert throughout the zone, resulting

FIG. 5. Squared wave functions of the states I'is (top), I i2
(center), 1 is (bottom) at the zone center in GaN (see text).

FIG. 6. Symmetrized squared wave functions of the states
I s, I,", , I"„and I i (top to bottom) at the I point in GaN.
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in a nonbonding state) is reversed with respect to what is
expected3 for a tetrahedral environment, due to pd re-
pulsion with the top valence band. Qualitative schemes
of the pd interaction are given in Ref. 17.

In Fig. 5 we plot the squared wave functions at the
zone center for the states I'l5, I'lz, and I'l5 in GaN. The
former two states originate from the tetrahedral splitting
of atomic d states (the fivefold degenerate d multiplet is
split in a I'is triplet and a I'i2 doublet), the latter is the
bonding p-like valence state. The I'lq state remains very
similar to a dg2 p2-like atomic orbital and forms a non-
bonding, inert state. In the other states, the prevailingly
ionic character of the bonding is visible; the admixture of
Ga d, -like and N p character results in a weak bonding
contribution to I'&5 and an antibonding one to I'&5.

While at zone center only pd mixing is allowed, this
restriction does not apply to lower-symmetry points. We
consider as representative the squared wave functions at
the L point. There, the bottom valence band is of Li
symmetry; the I'is triplet splits further into an Ls dou-
blet, analogous to the (I'i2)-Ls, and an Li singlet. Fig-
ure 6 shows the symmetrized squared wave function at
L (the average over the eight equivalent L points in the
Brillouin zone), for the states Li, Li, Li, Ls (top to bot-
tom). We notice that the bottom, formerly s-like, valence

state Ll has a bonding d admixing, and L~& and L3 have
it antibonding instead.

Next, in Fig. 7 we plot the k-integrated partial charge
densities n, (r) for the bottom, d, and top valence bands.
The first two are sd-like and have some bonding contribu-
tion from the Ga d-like states, the latter is ionic p-like and
has an antibonding d, -like admixing, which is visible as
a depletion along the bond direction. As expected the
Brillouin zone summation has brought about a mixing of
all angular momenta (in particular sd in the two lower
bands). The top valence states are clearly dominated by
ionic charge transfer.

Finally, we compare GaN to ZnS and GaAs in Fig. 8.
Shown for the three materials (top to bottom: ZnS, GaN,
GaAs) are the states I'is (right) and the k-integrated
densities of the bottom valence-band (center) and of the
top valence-band complex (left). The similarity of GaN
and ZnS is remarkable. The effect of d admixing is more
visible in the ZnS top valence charge, as the d bands are
close to and significantly hybridized with the top valence
bands. s The bonding contribution of the d electrons to
the ionic bottom valence charge is instead stronger in
GaN, as here the hybridization of s and d bands is larger.
The top valence-band, zone-center state I'i5 (right) shows
a conspicuous antibonding contribution of the d elec-
trons, of a similar kind in ZnS and GaN. Even in GaAs,
though, a slight d admixing is visible in this state (analo-
gous to that observed recentlyss in InP, InAs, and InSb)
and its bottom valence charge also shows some d compo-
nent. We should mention that ionicity is only partially
responsible for the differences between GaAs and GaN,
or the similarities of ZnS and GaN, as the ionicity of GaN
is 0.43 as compared to 0.33 of GaAs and 0.70 of ZnS. s

It is interesting to compare directly the partial-density
features with the results of Ref. 17 for II-VI compounds.

We conclude that in contrast to most other III-V com-
pounds (represented here by GaAs), GaN does exhibit
features of the charge densities and band structure which
resemble those observed 7 for II-VI's (represented here by
ZnS). This is again due to the Ga d shell resonating with
the N s levels, leading to similar effects as the Zn d-
anion p interaction.

VIII. SVMMARY

FIG. 7. Partial A:-integrated charge densities in GaN for
the top valence bands (top), d bands (center), and bottom
valence band (bottom) .

We have calculated the properties of P-GaN using the
ab initio LDA all-electron full-potential LMTO method.
The explicit consideration of the d electrons of Ga has
been shown to be of some importance in precisely deter-
mining the properties of the material. Due the resonance
of N s and Ga d states, the band structure, DOS, and
charge density of GaN are quite peculiar for a III-V com-
pound, as significant 3d character is present in the va-
lence bands. Several features of GaN of the band struc-
ture, charge density, and density of states do actually
resemble those of II-VI materials.

A frozen overlapped-core procedure was used to iden-
tify the way in which the core and d states inHuence the
c&heslve properties of GaN as compared to some other
relevant materials. We deduce that, although exchange-
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FIG. 8. Comparison of ZnS (top row), GaN (center), and GaAs (bottom). Right column: state I'",~; central column: bottom
valence-band partial density; left column: top valence-band partial density.

correlation nonlinearity is the most important eEect in
GaN and ZnS, the closed-shell repulsion also plays a sig-
nificant role; neglect of this efFect leads to an additional
reduction of the lattice constant by approximately 2%
relative to experiment. This sets an upper limit on the
accuracy which can be expected of methods which do not
treat the d states explicitly. Pseudopotentials including
nonlinear core corrections go a long way in the right direc-
tion, but generally may not be sufhcient for a description
of GaN, as well as of ZnS and similar systems, at the
standard I DA level of accuracy for semiconductors.¹teadded in proof It has been . brought to our at-
tention that the need for a self-consistent treatment of d
states in this compound was independently pointed out
by W. L. Lambrecht and B. Segall, in Diamond, Boron
¹itride, Silicon Carbide, and Belated 8'ide Bandgap
Semiconductors, edited by J. T. Glass, R. F. Messier,
and N. Fujimori, MRS Symposia Proceedings No. 242
(Materials Research Society, Pittsburgh, 1992), p. 367.

APPENDIX: MULLIKEN DECOMPOSITION

Mixing of all angular momenta takes place in the
crystal environment due to symmetry lowering, but the
content of a specifi. c angular momentum character of a
crystal state can still be analyzed. A technique which

allows monitoring the site and angular-momentum de-
pendence of the charge distribution is the Mulliken
decomposition of the total density of states. The total
DOS can be decomposed into site and angular momen-
tum contributions, and if desired, into bonding and an-
tibonding overlaps. Such a population analysis is partic-
ularly appropriate for a localized basis such as that used
here, and it is expected to be particularly accurate when
a linearized partial-wave basis, specifically LMTO s, is
used.

The LMTO basis set naturally gives a decomposition
of the calculated wave functions as a sum over sites and
angular momenta as g(r, k) = g z g L, (r, k), where v
is a site index and I a composite angular momentum
index. We then take the decomposition of the norm,
giving weights to add into the partial densities of states,
as

I = (@(k)I&(k)) = ) Re j(4'(k) le-I-(k))l (AI)
vL

The advantage of this approach over the common tech-
nique of projecting onto angular momenta inside atomic
spheres is twofold: first, the decomposition is only weakly
dependent on sphere radii, and second, no DOS contri-
bution is associated with the empty spheres or the inter-
stitial region.
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