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Design of gallium pseudopotentials has been investigated for use in density functional calculations of
zinc-blende-type cubic phases of GaAs, GaP, and GaN. A converged construction with respect to all-electron
results is described. Computed lattice constants, bulk moduli, and band gaps vary significantly depending on
pseudopotential construction or exchange-correlation functional. The Kohn-Sham band gap of the Ga-�V�
semiconductors exhibits a distinctive and strong sensitivity to lattice constant, with near-linear dependence of
gap on lattice constant for larger lattice constants and a �-X crossover that changes the slope of the depen-
dence. This crossover occurs at �98, 101, and 95% deviation from the equilibrium lattice constant for GaAs,
GaP, and GaN, respectively.
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I. INTRODUCTION

The industrial importance of Ga-�V� semiconductors mo-
tivated many experimental and theoretical studies.1–3 In order
to predict in an unbiased way the response of such materials
to doping, defects, aging, engineering, extreme conditions,
etc., an accurate ab initio description is required. First-
principles calculations based on the Kohn-Sham �KS� den-
sity functional theory4,5 �DFT� are effective methods to study
semiconductor properties. The fidelity of the exchange-
correlation functional fundamentally limits the accuracy of
these methods in predicting materials properties.6 In addi-
tion, in most DFT methods for periodic systems, pseudopo-
tentials replace explicit treatment of the core electrons,7–12

and the quality of the pseudopotentials can also significantly
impact predicted properties.6 The tension in pseudopotential
�PP� construction between computational convenience and
robust transferability is particularly acute in gallium, where
the 3d10 shell is computationally demanding to treat explic-
itly as valence, but is also exceedingly difficult to model
effectively as core electrons in a PP. We investigate the con-
struction of PP for Ga to identify a converged PP design, and
discuss the consequences of different compromises in the PP
construction for bulk properties such as structure, bulk
modulus, and, especially, the KS band gap.

In addition to emulating the effect of core electrons, a
pseudopotential can be manipulated to approximately incor-
porate physical effects neglected in the functional, e.g., rela-
tivistic effects, self-interaction corrections,13,14

exact-exchange,15 or even van der Waals interactions16 and
surface adsorption.17 Modifying the PP to obtain a widened
KS band gap18,19 has also been proposed. The “band-gap”
problem in KS-DFT is in fact not a failure of DFT as KS-
DFT is strictly a ground-state theory; only the electron den-
sity and total energy �and properties directly derived from
these� are physically meaningful. A physically rigorous inter-
pretation of other KS properties is still part of ongoing
research.20–22 The KS eigenfunctions and eigenenergies,
however, are auxiliary functions of the KS equation and not
electrons, and “must not be interpreted as corresponding to
elementary excitations.”23 See Refs. 24 and 25 for a more
rigorous �and accurate� theoretical treatment of excitation

properties, such as the band gap, in GaN. Nevertheless, the
size of the KS band gap, while formally not a meaningful
predictor of the experimental band gap,23 is a crucial quantity
for practical DFT-based studies aiming at predicting defects
in materials. The narrowing of the KS-DFT gap with respect
to experiment26,27 may cause desired defect states to be bur-
ied within the conduction or valence band, preventing con-
struction of a valid computational model of a defect state. In
fact, it was this observation that prompted this study: using
an “optimal” PP within a generalized gradient approximated
density functional, the predicted band gap for GaAs was
�0.1 eV, rendering it unsuitable for investigation of defects
in GaAs.

For this study, our desire is to fashion a PP that retains
integrity for structural energetics, yet permits meaningful de-
fect studies in the future. We systematically explore the ef-
fect of the Ga-pseudopotential generation on the prediction
of structure and band gaps in Ga-�V� semiconductors. For
the KS exchange-correlation potential, we used both the lo-
cal density approximation �LDA�28 with the fit of Perdew
and Zunger29 and the generalized gradient approximation
�GGA� of Perdew, Burke, and Ernzerhof �PBE�,30 and screen
a variety of plausible PP approximations for Ga in zinc-
blende-type crystals of GaAs, GaP, and GaN. The impor-
tance of the details in the pseudopotential and exchange-
correlation approximation in GaN studies has been discussed
for more than a decade,31–33 and the literature is abundant,
see Ref. 34 �and references therein�. For GaAs, however, the
effect of semicore orbitals on self-energy corrections was
studied only recently within the GW approximation and a
plane-wave basis.35 Our emphasis is on the adequacy of dif-
ferent PP for DFT based studies on GaAs, but we also ex-
amine GaP and GaN to gauge the broader transferability of
the different PP constructions for gallium. For this study,
different pseudopotential formulations, different numbers of
valence electrons, different oxidation states of the all elec-
tron reference atom, as well as scalar relativistic and nonrel-
ativistic cores have been explored by computing equilibrium
lattice constants, bulk moduli, and the band gap dependency
on volume and pressure. The exploration of the band gap
behavior appears to reveal a universal direct-to-indirect
crossing as a function of lattice constant, near the equilib-
rium volume.
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II. METHODOLOGY

A. Construction of pseudopotentials

For all atoms standard norm-conserving pseudopotentials
have been chosen, in what is conventionally referred to as
the “semilocal” form, i.e., without the additional approxima-
tion of the Kleinman-Bylander36 separation. The construction
of ultra-soft pseudopotentials,37 without the norm-conserving
constraint, would require a different prescription for devel-
oping transferable pseudopotentials than described here.
However, once such an ultrasoft PP �or any different PP� is
converged to a transferable form, it should, in principle, ex-
hibit the same behavior in use as a transferable norm-
conserving PP. While the specific PP construction might be
different, many of the issues we discuss should be general,
and the subsequent predicted properties of the materials, e.g.,
band gaps and lattice parameters, should be the same, i.e.,
transferable.

For the nitrogen atom, a Troullier-Martins38 pseudopoten-
tial was constructed, treating the 1s2 shell as core electrons
and the 2s22p3 electrons as valence. The “core radius” of the
PP core, the Rc, for both the s and p potential was 1.25 Bohr,
and the l=1 potential was used as the local potential. In tests
of small molecule properties, this construction was con-
verged with respect to a �much more computationally expen-
sive� Hamann pseudopotential.39

The arsenic and phosphorus pseudopotentials were gener-
ated using the Hamann39 construction, with the Hamann
program39 for the LDA and the FHI98PP program40 for all
PBE atoms. Both used a five-electron s2p3 valence configu-
ration, and default Rc for the s and p valence angular mo-
mentum channels. We refer to Refs. 39 and 40 for details
regarding these defaults. The Rc for the arsenic d potential
was set to the default �1.87 Bohr for LDA, 1.83 for PBE�,
while the default Rc for phosphorus was 1.08 Bohr �both
LDA and PBE�. This concluded the PP for phosphorus, as
the resulting l=2 potential was adequately hard to be used as
an accurate local potential.

For a standard arsenic PP, denoted As� in the following,
the PP also concluded with the l=2 potential, and used the
l=2 as the local potential. We also constructed an alternative,
harder, “extended” PP for arsenic, prompted by the observa-
tion that the 3d10 core shell is rather shallow �arsenic being
only two atoms over from gallium in the Periodic Table�, and
hence the resulting l=2 valence PP is rather soft. In this
second arsenic, we extended the As PP to l=3, setting its
Rc=1.2 Bohr to make it very hard and thus making it better
than the l=2 for the local potential. Further, we added a
nonlinear core correction41 with a matching radius of
1.6 Bohr, to include the pertinent core density in the con-
struction of the valence exchange-correlation potential.

For the gallium atom, we explored a variety of different
PP constructions, as listed in Table I. For consistency, the
Fritz-Haber Institute FHI98PP code40 was used for the genera-
tion of all Ga pseudopotentials, both PBE and LDA. The PP
were constructed independently for LDA and PBE, and as
another means to manipulate the effective potential, the Ga
atom was treated as either nonrelativistic �n� and scalar rela-
tivistic �s�. We note that the valence orbital eigenstates of the

PP are low enough in energy to be minimally affected by
scalar relativistic effects directly. The principal effect of rela-
tivistic effects is in the inner core region,39 and the impact on
the valence states is mostly to respond to a relativistically
shrunken core. There is no spin-orbit in the DFT calculation,
and the atom PP is averaged over the spin-orbit term, so that
consistency between atomic PP and valence DFT is not sig-
nificantly violated with or without scalar relativistic PP.

The number of valence electrons was taken to be either
three �blank designation�, with the 3d10 shell in the core, or
thirteen �designated with d�, with the 3d10 electrons in the
valence.

The 3d-core PP �valence charge three� was constructed
using the Hamann method for all channels, with a default Rc
for the d potential �2.05 Bohr for all cases�, and adding a
hard f potential, Rc=1.2 Bohr, to use as the local potential. A
nonlinear core correction41 with a 1.6 Bohr matching radius
was also added to this PP. For the 3d10-valence PP �valence
charge thirteen�, the l=2 channel was constructed using the
Troullier-Martins method with Rc=1.5 Bohr, and this l=2
potential was used as the local potential, terminating this PP.
The Hamann d potential was too hard to be convenient for
our application, and this TM d potential has been shown to
be converged for bulk properties6 of 3d transition metals.

The Ga PP was constructed from either a neutral � 0�,
�d10�s2.0p1.0, or a cation � +�, �d10�s1.5p0.5, atomic valence
configuration. Using a positively charged atomic configura-
tion has been seen to give better PP for weakly bound states
in metallic atoms, including 3d transition metal atoms.6 In all
cases, the Rc for the Ga s and p potentials were shortened
from the default values to improve the potentials, the Rc for
the final s-potential ranging from 1.01 to 1.09 Bohr �H�, and
1.73 to 1.77 Bohr �T�, and the p-potential ranging from
1.04 to 1.14 Bohr �H�, and set to 2.05 Bohr �T�. Consistency
for results between �H�- and �T�-based potentials verified this
construction �and verification served as the principal motiva-
tion for this apparent duplication�, just as the neutral atomic
configuration PP was done to verify that nothing was amiss
with the cation PP.

B. Computational procedures

All calculations were performed with SEQQUEST,42 a fully
self-consistent Gaussian-based linear combination of atomic
orbitals code. A well-optimized valence double-zeta plus po-
larization basis set was used on all atoms. The Ga-�V� zinc-
blende bulk crystal calculations were performed using eight-

TABLE I. Employed functionals and Ga pseudopotentials. The
nomenclature is explained as follows: first nonrelativistic �n� or
scalar relativistic �s�, then neutral � 0� or cationic � +� all electron
reference atom, then Hamann �H� or Troullier �T� for the s and p
channels, then 13 �d� valence electrons or 3 �blank, and only for
�H��.

1 2 3 4 5 6 7 8 9

LDA s0Hd s0Td s0H s+Hd s+Td s+H n+Hd n+Td n+H

PBE s+Hd s+Td s+H n+Hd n+Td n+H
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atom cubic cells, with 523 and 563 real space integration
grids for LDA and PBE, respectively. A 63 regular k-space
grid centered at the � point was used to sample reciprocal
space. The ground-state structure of GaN is wurtzite, but we
have chosen to examine the zinc-blende structure for this
study as it facilitates comparisons with results from GaP and
GaAs, both of which are zinc-blende crystals. Total energy,
lattice constant, and bulk modulus have been converged with
respect to real space grid and k-point grid. The 3d-valence
PP converges more slowly with the grid than the 3d-core PP,
but all properties are well modeled using a 63 k grid with the
eight-atom cubic unit cell.

The bulk moduli and lattice constants were obtained ac-
cording to Birch,43 and Murnaghan44 fitting a third order
polynomial to energies at lattice constants spaced in regular
increments of 0.5% within at least −3 / +3 and −3 / +5% of
the experimental lattice constant for LDA and PBE, respec-
tively.

The k space was centered at � rather than offset from � to
specifically include the valence band maximum and, hence,
the direct KS band gap, in the sampling space of the ground-
state calculation. The conduction band minimum in the fol-
lowing was taken from the minimum conduction band eigen-
value within the k sample. While not exact in identifying the
crossover from direct to indirect, we assume that the k
sample is dense enough that this is sufficient for our pur-
poses.

III. RESULTS AND DISCUSSION

The formally “best” Ga pseudopotentials we
constructed—d10-valence, scalar-relativistic, cation, Hamann
s and p �s+Hd�—in concert with the best �extended PP� ar-
senic yields a lattice parameter of 5.63 Å and bulk modulus
of 73 GPa with the LDA functional, and 5.77 Å and 61 GPa
with the PBE functional. This is in nearly perfect agreement
with the corresponding all-electron values45 5.62 Å and
72 GPa �LDA� or 5.76 Å and 60 GPA �PBE�, obtained using
a full-potential linear muffin tin orbital �FP-LMTO�
code,46,47 or with the LDA FP-LMTO results of Fiorentini et
al.,31 5.62 Å and 75 GPa, respectively. But also for GaP and
GaN, the agreement with all-electron results is very satisfy-
ing. The GaN LDA benchmark PP lattice constant of 4.50 Å
compares well with the lattice constants from all-electron
calculations, ranging between 4.44 and 4.47 Å.31,48,49 The
LDA bulk modulus of 194 GPa compares relatively well
with all-electron results ranging from 198 to 208 GPa.31,48,49

This indicates that the design of these PP is sound, and that
these benchmark PP should be effective for modeling GaAs
bulk ground-state properties.

The difficulty with using the benchmark PP for GaAs lies
in the resulting KS band gaps. The KS band gap for these
benchmark PP in the LDA at the theoretical lattice parameter
is 0.42 eV. Although much smaller than the experimental
�0 K� band gap of 1.52 eV,50 this is roughly comparable to
the DFT band gap in Si where such a KS band gap proved
adequate to accurately predict a wide spectrum of defect
levels51 with an average error of 0.1 eV throughout the full
width of the experimental band gap. This LDA band gap for

GaAs, while perhaps marginal, could prove adequate for
bulk defect studies in GaAs. However, the KS band gap for
PBE with these benchmark PP is �0.1 eV, rendering them
unusable for meaningful defect calculations �except for spe-
cial cases�. Our desire is to identify a PP that retains integrity
for structural energetics, yet permits meaningful defect stud-
ies. We begin with considering alternative PP constructions,
and their performance for structural properties, as a starting
point for examining the behavior of the KS band gaps.

A. Lattice constants and bulk moduli

Table II displays the computed lattice constants and bulk
moduli for Ga-�V� zinc-blende structures, using the bench-
mark Ga PP and all its variants. In comparison to experi-
ment, the LDA lattice constants using the benchmark PP are
very good, less than 1% too small for GaAs�-0.4%� and
GaP�-0.6%�, and exact for zinc-blende GaN. The LDA bulk
moduli are also very good, within less than 10% for all three
compounds. The PBE comparisons are not as good, being
1.5–2.0% too large in the lattice parameter, and up to 23%
too small for the bulk modulus. Nonetheless, these are within
the typical accuracy obtained with DFT, and the smaller lat-
tice constants and larger bulk moduli of LDA vs. PBE are
also typical of bulk results comparing these two functionals.
Overall, the LDA does significantly better than GGA-PBE
for the structural properties of Ga-�V� compounds.

As noted above, the benchmark PP almost exactly repro-
duces the all-electron results, confirming the desired conver-
gence of the PP. Results using the optimized �T� and �H� s
and p potentials are essentially identical, additional evidence
that this part of the PP is converged. The cation atom PP and
the neutral atom PP also give negligibly different results,
demonstrating that the PP is robust to significant changes in
its construction. The only �quite modest� exception is that the
3d-core potential results for the cation s+H are slightly im-
proved over the neutral s0H. This last could be expected
because this d potential in the 3d-core PP is very weak, and,
as we noted previously, a cation tends to give better PP for
weakly bound states in metals, and, here, it appears also to
give an improved PP for a weakly bound state in a semicon-
ductor. A non-relativistic Ga atom PP results in a lattice pa-
rameter larger by �0.01 Å, and also a slightly larger bulk
modulus �by less than 2 GPa�. This is not a large effect, to be
expected for an atom this early in the Periodic Table.

The effect of accounting for the 3d electrons in the core is
much greater. For computational efficiency, using a 3d-core
potential for Ga would be preferred over a 3d-valance PP,
but the results in Table II suggest caution in making this
substitution. Although not as severe as in GaN, where it has
been demonstrated that a 3d-valence Ga potential is needed
to get good results,32 the differences between results with the
3d-core and 3d-valence potentials in GaAs and GaP are sig-
nificant, particularly for the lattice parameter.

The use of the extended As PP—nonlinear core correction
and hard local potential—causes the GaAs lattice constant to
decrease by �0.02 Å with the Ga 3d-valence PP, accompa-
nied by a slight decrease in the bulk modulus. With a 3d-core
PP on the Ga, there is no meaningful difference. This impli-
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cates a residual 3d-3d interaction between the As and Ga. In
a final analysis, the extended As PP, with respect to the stan-
dard As PP, improves the treatment of GaAs, but only
slightly, and could perhaps be safely omitted for computa-
tionally more extensive studies of GaAs.

B. Band gaps

Compared with the computed structural properties of Ga-
�V� compounds, the KS band gap is much more sensitive to
PP construction and exchange-correlation functional. The

computed KS band gaps for Ga-�V� zinc-blende structure
compounds using variants of Ga PP is presented in Table III,
at both the experimental �a0

e� and appropriate theoretical �a0
t �

lattice parameters. Although the structural properties of Ga-
�V� materials vary by only a few percent, the KS band gaps
exhibit qualitative differences with change in PP and func-
tional. For example, at the theoretical lattice parameter, the
PBE KS band gap for Ga�s+Hd�As� is only 0.03 eV, while
the Ga�s+H�As� produces a 0.40 eV band gap. But also for
LDA the KS band gap can vary from 0.35 eV for
Ga�s0Hd�As� up to 1.05 eV for the nonrelativistic 3d-core
PP, Ga�n+H�As�. The differences are proportionately less in
GaP and GaN, but the 3d-core and 3d-valence PP result in
KS band gaps that differ by as much as 1 eV in GaN, too.
The extended As PP causes the KS band gap to slightly de-

TABLE II. Calculated zinc-blende-type lattice constants �Å� and
bulk moduli �GPa� for zinc-blende-type Ga-�V� crystals. GaAs� and
GaAs correspond to the As�l=2� and As�l=3� pseudopotential, re-
spectively. The PP column is explained in Table I. “Other” refers to
all-electron results in the literature.

PP GaAs� GaAs GaP GaN GaAs� GaAs GaP GaN

lattice constants bulk moduli

LDA

s0Hd 5.647 5.628 5.420 4.500 74.3 72.6 86.9 195.2

s0Td 5.647 5.628 5.419 4.499 74.3 72.6 87.0 195.3

s0H 5.587 5.586 5.384 4.380 73.1 73.2 88.9 199.8

s+Hd 5.647 5.628 5.419 4.498 74.2 72.6 86.3 194.0

s+Td 5.646 5.627 5.418 4.497 74.4 72.8 86.5 194.3

s+H 5.599 5.599 5.397 4.392 72.5 72.4 87.8 200.0

n+Hd 5.659 5.641 5.437 4.510 75.3 73.6 86.9 194.3

n+Td 5.658 5.641 5.436 4.508 75.5 73.7 87.0 194.6

n+H 5.612 5.613 5.413 4.408 73.3 73.2 88.4 199.5

Othera 5.62 5.40 4.47 72 89 199

Otherb 5.62 4.47 75 198

Otherc 4.46 200

Other 5.62d 4.44e 74d 205e

PBE

s+Hd 5.793 5.767 5.532 4.590 60.5 59.8 75.4 164.4

s+Td 5.794 5.768 5.532 4.591 60.5 59.8 75.4 164.3

s+H 5.749 5.739 5.506 4.484 59.1 59.6 75.7 169.2

n+Hd 5.804 5.780 5.549 4.602 61.6 60.9 76.5 165.2

n+Td 5.802 5.778 5.547 4.600 62.0 61.2 76.7 165.7

n+H 5.762 5.753 5.523 4.501 60.3 60.9 76.4 169.3

Othera 5.76 5.52 4.55 60 76 171

Otherc 4.55 172

Exp.f 5.65 5.45 4.50 79 88 190

aFull-potential linear muffin-tin orbitals �FP-LMTO� results from
Ref. 45.
bFP-LMTO results from Ref. 31.
cFull-potential linear augmented plane wave �FP-LAPW� results
from Ref. 52.
dLinear augmented plane wave �LAPW� results from Ref. 53.
eFP-LAPW results from Ref. 49.
fLattice constants: GaAs, Ref. 1; GaP, Ref. 50; GaN, Ref. 2; Bulk
moduli: GaAs, Extrapolation to T�0 K, Ref. 1; GaP, Ref. 54; GaN,
Ref. 55.

TABLE III. Calculated zinc-blende-type KS band gaps Eg �eV�,
for Ga-�V� crystals at the theoretical a0

t and experimental lattice
constants a0

e. GaAs� and GaAs correspond to the As�l=2� and
As�l=3� pseudopotential, respectively. The PP column is explained
in Table I.

PP

GaAs� GaAs GaP GaN

Eg�a0
e� Eg�a0

t � Eg�a0
e� Eg�a0

t � Eg�a0
e� Eg�a0

t � Eg�a0
e� Eg�a0

t �

LDA

s0Hd 0.34 0.35 0.32 0.41 1.48 1.46 1.81 1.90

s0Td 0.35 0.37 0.33 0.42 1.49 1.46 1.82 1.92

s0H 0.51 0.79 0.49 0.77 1.55 1.49 2.15 2.93

s+Hd 0.41 0.42 0.38 0.47 1.49 1.46 1.88 1.98

s+Td 0.43 0.45 0.41 0.50 1.49 1.46 1.91 2.02

s+H 0.63 0.86 0.61 0.83 1.56 1.52 2.27 2.99

n+Hd 0.68 0.64 0.65 0.69 1.53 1.51 2.04 2.09

n+Td 0.71 0.67 0.68 0.72 1.53 1.51 2.08 2.13

n+H 0.88 1.05 0.87 1.02 1.59 1.55 2.41 3.02

Other 0.29a 1.42b 2.1 /1.9c, 2.1d

PBE

s+Hd 0.59 0.03 0.60 0.13 1.63 1.53 1.81 1.50

s+Td 0.63 0.06 0.64 0.17 1.63 1.56 1.85 1.53

s+H 0.82 0.40 0.83 0.45 1.70 1.74 2.20 2.40

n+Hd 0.88 0.27 0.89 0.37 1.66 1.70 1.99 1.63

n+Td 0.98 0.37 0.98 0.47 1.66 1.72 2.09 1.73

n+H 1.09 0.62 1.10 0.67 1.72 1.79 2.36 2.46

Other 0.40e 1.75f 1.83g

Exp.h 1.4 2.35 3.2

aLinear augmented plane wave �LAPW� results at a0
e from Ref. 53.

bAt a0
t with Ga d electrons in the PP core �Ref. 56�.

cAt a0
e with Ga d electrons in the PP core/valence, respectively �Ref.

34�.
dAt a0

e with Ga d electrons in the PP core with partial core correc-
tion �Ref. 24�, a GW approximation in the same study predicts
3.1 eV.
eGGA�PW91� LAPW results at a0

e from Ref. 53.
fFull potential �FP� LAPW PBE results at a0

e from Ref. 57.
gFP-LAPW PBE results at a0

t from Ref. 58.
hGaAs: Ref. 59; GaP: Ref. 50; GaN: Ref. 2.
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crease at a0
e, but then changes to a slight increase at a0

t for the
Ga 3d-valence PP. From these results it becomes evident that
before any of these PP can be used in predictive simulations,
the origins of this large variability in such a central compu-
tational observable as the KS band gap needs to be under-
stood.

Band gap dependence. Particularly for GaAs and GaN,
and less so for GaP, the KS band gap is significantly different
in going from the theoretical lattice constant a0

t to the experi-
mental lattice constant a0

e. This suggests a strong dependence
of the KS band gap on the lattice constant, as was also noted
for GaN.25 To investigate the details of this dependence, we
computed the KS band gap as a function of lattice constant
or pressure and display the results for GaAs in Fig. 1, for
GaP in Fig. 2, and for GaN in Fig. 3. In these plots, the KS
band gap does indeed vary greatly depending on the lattice
constant. Moreover, the shape of that dependence is common
to all the Ga-�V� compounds. For larger lattice constants, the
KS band gap of GaAs is zero. When decreasing the lattice
constant towards the equilibrium lattice constant, the direct
gap rises steeply as the a0 gets smaller, and nearly linearly
with a0, until a crossover at �98, 101, and 95% of the ex-
perimental lattice constant for GaAs, GaP, and GaN, respec-
tively. At that point, an off-� state crosses below the conduc-
tion band minimum resulting in a band gap transition
changing from direct ��→�� to indirect ��→X�. If one as-
sociates the band gap to the electronic hardness of atoms and
molecules,60 this maximum in the vicinity of the equilibrium
lattice constant is reminiscent of the maximum hardness
principle, as suggested by Pearson61,62 and later on proved by
Parr and Chattaraj.63

GaAs. The direct-indirect crossover has been observed be-
fore theoretically in GaAs. Theoretical predictions of its lo-
cation vary from 3.05 GPa by Christensen18 to 8 GPa by
Vast and co-workers.64 Our results for GaAs indicate the
transition to be between 3 GPa and 13 GPa depending on the
Ga PP and functional, and being at �6 GPa using the LDA

benchmark Ga PP and �13 GPa using the PBE benchmark
Ga PP. Goñi et al.59 presented experimental data with the
crossover at 4.2�0.2 GPa �and �1.9 eV�. The computed
DFT transition pressure compares well with this, and the
LDA results agree better with experiment than the PBE re-
sults.

GaP. Experimentally, GaP has an indirect band gap, con-
sistent with the current LDA results that indicate a negative
pressure would be required to observe a transition to a direct
band gap. The PBE band gap for GaP, in contrast, is direct at
the theoretical lattice constant with all the PP we consider—
once again, LDA appears to give superior results to PBE.

GaN. The GaN band gap is direct for all PP and function-
als, consistent with experiment, and our prediction indicates
that the zinc-blende crystal would need to be at a very high
pressure to observe a transition to an indirect band gap.
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FIG. 1. �Color� GaAs LDA and PBE KS band gaps Eg �eV�
versus lattice constant a �Å� �left� and versus pressure P �GPa�
�right� for various Ga pseudopotentials and using the As pseudopo-
tential. Details on the pseudopotentials are given in Table I and in
the methodological section.
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FIG. 2. �Color� GaP LDA and PBE KS band gaps Eg �eV�
versus lattice constant a �Å� �left� and versus pressure P �GPa�
�right� for various Ga pseudopotentials. Details on the pseudopoten-
tials are given in Table I and in the methodological section.
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FIG. 3. �Color� GaN LDA and PBE KS band gaps Eg �eV�
versus lattice constant a �Å� �left� and versus pressure P �GPa�
�right� for various Ga pseudopotentials. Details on the pseudopoten-
tials are given in Table I and in the methodological section.

STRUCTURE AND BAND GAPS OF Ga-�V�… PHYSICAL REVIEW B 77, 115202 �2008�

115202-5



While we note again that the KS eigenvalue band gap is
not predictive of a band gap excitation energy, these results
indicate that, just as for the structural properties, the LDA
seems to do qualitatively better than GGA-PBE for Ga-�V�
compounds in describing electronic properties such as the
band gap dependence on the lattice constant. The linear be-
havior of the KS band gap around the zero pressure in Figs.
1–3 is in qualitative agreement with the pressure dependence
published in Ref. 3. Comparison of numerical values of pres-
sure coefficients to experiments or literature does not appear
to be straightforward as these coefficients depend strongly on
the kind of fit �linear or sublinear� and the investigated pres-
sure range, as pointed out by Dunstan and co-workers.65 As
such, a detailed discussion of the “deformation potential” of
the band gap with lattice constant, volume, or pressure, goes
beyond the scope of this work. Despite the fact that the use
of different PP and functionals introduces significant vari-
ance in the numerical predictions for the band gap at a given
lattice constant, the shapes of the lattice constant vs band gap
curve are very similar. For example, the slope of the direct
band gap vs lattice constant is nearly the same for all the PP
and functionals. The choice of PP and functional appears
merely to shift the lattice constant where the transition oc-
curs, and its height. Plotting gap vs pressure, the GGA results
clearly separate from LDA results, with the transition occur-
ring at higher pressures for LDA. For the GaP, as noted
above, this results in the PBE predicting a direct band gap
transition, except for the n+H-PP, rather than the indirect
transition observed in experiment.

Effect of lattice constant. Notably for GaAs, but also for
GaN, the KS band gap at the theoretical lattice constant is
smaller with PBE than it is with LDA, with a nearly zero KS
band gap for the benchmark PP in PBE. However, at the
experimental lattice constant, the PBE yields a larger KS
band gap than LDA for all compounds. This is consistent
with the all electron LDA and PW91 results for GaAs,53 see
Table III. For most PP, the PBE yields a larger peak band gap
at the indirect-direct transition than the LDA. Hence, the
expression of a smaller theoretical band gap for PBE can be
explained by the steep dependence of the band gap on the
lattice constant and the fact that PBE generally predicts
larger lattice constants. The KS band gap of GaP does not
exhibit the same band gap variability with lattice constant as
seen in GaAs and GaN, because for GaP both the experimen-
tal and the theoretical lattice constants sit at or near the
direct-indirect transition rather than on the steep slope of the
direct band gap. The 3d-core Ga PP exhibit larger band gaps
than 3d-valence PP. This is partly due to electronic effects
stemming from 3d-valence effects, but in GaAs and GaN the
lattice size effects dominate as this modest increase in gap is
strongly magnified when the band gap descends the steep
slope vs lattice constant as the crystal is relaxed to the PBE
theoretical lattice constant.

The extended As PP causes little change in the KS band
gap, comparing results fixed at the experimental lattice con-
stant, but more significant changes at the theoretical lattice
constant. This again can be correlated with the band gap
dependence in lattice constant. The explicit presence of 3d
electrons in the valence causes the KS band gap to decrease,
but, again, the dominant effect is due to a structural relax-

ation and the strong dependence of the band gap on the lat-
tice constant.

We have also examined the effect of using nonrelativistic
Ga atoms to construct the Ga PP. This early in the Periodic
Table, however, the effect of scalar relativity in the atoms
should be minor. The results for structural properties in Table
II and for the KS band gaps in Table III bear this out. As
expected, the nonrelativistic lattice constants are larger, by
just slightly more than 0.01 Å. A little more surprising, the
bulk modulus also becomes larger �although not by much�
even though a bulk modulus typically, but not necessarily,
decreases as the lattice constant increases. Finally, the com-
puted KS band gap is larger for a nonrelativistic Ga atom
than for the corresponding scalar-relativistic PP, by as much
as �0.2 eV for the GaAs. This runs counter to the trend
observed within the scalar-relativistic Ga PP of a larger lat-
tice parameter yielding a smaller band gap. This indicates
that the band gap dependency on the lattice constant can be
compensated by electronic effects. With the nonrelativistic
Ga atom in Ga-�V� compounds, the semicore 3d-shell will be
deeper relative to the valence s and p shells, leading to larger
band gaps than for the relativistic Ga. The consequence is
that one could resort to a nonrelativistic Ga atom to help
expand the band gap in GaAs, without a significant impact
on the structural energetics.

IV. CONCLUSIONS

We have examined the structural and KS band gap prop-
erties of zinc-blende structure Ga-�V� compounds with
pseudopotential methods, systematically investigating the ef-
fects of different plausible PP constructions and functionals
on computed properties. We outlined a prescription for gen-
erating a Ga pseudopotential that accurately reproduces re-
sults of corresponding full-potential all-electron results, that
requires placing the semicore 3d electrons in the valence.
The choice of PP construction can significantly alter the DFT
predictions, particularly for the KS band gaps, with the most
significant differences being between 3d-core and
3d-valence PP.

The band gap dependency on the volume in the Ga-�V�
compounds follows a characteristic pattern, with a direct-
indirect transition in the band gap near the equilibrium vol-
ume. Of particular concern for computational studies is the
steep dependence of the band gap on lattice constant for the
direct gap �GaAs and GaN� compounds. Predictions of band
gaps in Ga-�V�, even if the KS eigenvalues did correspond to
excitation energies, would be problematic due to a high sen-
sitivity of the KS band gap on functional, pseudopotential,
and, especially, the corresponding predicted lattice constant.
One severe consequence is that the GGA-PBE KS band gap
of GaAs approaches zero as the theoretical equilibrium lat-
tice constant is overestimated, making realistic calculations
of defect properties in GaAs with PBE problematic. How-
ever, the variability with PP can be exploited to expand the
KS band gap without strongly compromising structural prop-
erties, and thereby perhaps allow meaningful defect studies.
Using an extended As PP, or using a nonrelativistic Ga atom
both lead to slight expansions of the KS band gap. A 3d-core
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PP has the biggest benefit to the band gap, but the history in
GaN, and our results above for the structural properties of
Ga-�V� suggest that this substitution should be done very
carefully and skeptically.

We expect the various atomic PP described here to be
rather transferable between different possible III-V alloys,
allowing for electronic structure studies of ternary alloys
such as GaAs1−xNx.

66–69 We note, however, that only the PP
for Ga in Ga-�V� have been tested here, and it may well be
the case that for a description of interactions involving other
atoms than Ga, such as a As-N interaction for example, it
may prove necessary to promote the As 3d into the valence
in order to get the best results.

Finally, it is interesting to note that despite the fact that
PBE is a GGA approximation and nominally “better” than
LDA, LDA proves universally better than PBE for predicting
crystal properties of these Ga-�V� compounds. The LDA lat-
tice constants and bulk moduli all are good predictions of
experimental behavior, unlike the PBE, and, due to the
strong band gap dependency, also the LDA band gap prop-

erties are qualitatively better than PBE. It is noteworthy,
however, that when imposing the same lattice constant PBE
does predict a larger band gap than LDA. This points out the
hazards of tuning new functionals to artificially increase the
KS band gap: the resulting change in structure can induce a
larger change in the KS band gap than the direct electronic
effect from changing the functional. Whether LDA will
prove better when applied to the chemistry of defects in Ga-
�V� remains an open question.
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