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In this paper we present an analysis of the convergence of the band structure properties, particularly
the influence on the modification of the bandgap and bandwidth values in half metallic compounds
by the use of the exact exchange formalism. This formalism for general solids has been
implemented using a localized basis set of numerical functions to represent the exchange density.
The implementation has been carried out using a code which uses a linear combination of confined
numerical pseudoatomic functions to represent the Kohn–Sham orbitals. The application of this
exact exchange scheme to a half-metallic semiconductor compound, in particular to Ga4P3Ti, a
promising material in the field of high efficiency solar cells, confirms the existence of the isolated
intermediate band in this compound. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1737367#

I. INTRODUCTION

The use ofab initio electronic structure calculations has
become a very powerful emerging tool in many fields, espe-
cially suited to the design of new materials and pharmaceu-
tical compounds. In spite of its great success, the Kohn–
Sham ~KS!1 formalism of the density functional theory
~DFT!2 uses approximations to the exchange-correlation part
of the total energy functional. Therefore, KS methodology
currently does not correctly describe some of the electronic
properties of the electronic systems. Standing out among
these is the treatment of the exchange term. The majority of
the exchange-correlation functionals have the problem of the
incomplete cancellation of the nonphysical self-interaction
contained in the Coulomb energy and potential. One way of
avoiding the Coulomb self-interaction problem is to treat the
exchange exactly. The exchange energy is known only in
terms of the one-particle KS orbitals. The explicit functional
dependence of the orbitals on the electron density is un-
known.

Several authors3,4 have developed new methods for ap-
proximating the exchange term using an orbital-dependent
functional for the exchange potential, based on the effective
potential method.3 Alternatively, because the exchange en-
ergy is known, it can be evaluated exactly, as in the exact
exchange~EXX! formalism.

Many of these methods have been used in atoms and
solid semiconductors. The application in solids has been car-

ried out mainly using a plane wave basis set.4 Recently an
implementation of the EXX method has been carried out by
the authors for atoms5 and solids semiconductors6 within the
SIESTA code.7 This code, based on the KS methodology,
uses a numerical localized basis set to represent the KS or-
bitals. In this EXX method an auxiliary basis set is used to
represent the exchange density and solve the equation for
exact-exchange potential5,6 in addition to the basis set for the
KS orbitals. The auxiliary basis set used to represent the
exchange density is made up of functions having the trans-
lational symmetry of the solid. Within the EXX formalism,
the exchange density is built up by a combination of local-
ized functions8

rx~r !5(
j

Cj f j~r !, ~1!

where theCj ’s are the expansion coeficients. Each one of
these functions is made up of a linear combination of Slater
functions centered on the atomic positions.6 The auxiliary
basis set representation of the exchange density yields the
correct long range (1/r ) behavior of the exchange potential.
As has been shown in previous papers,5 the use of the EXX
method within the formalism of the linear combination of
atomic orbitals leads to a stressed improvement in the de-
scription of several of the properties of some semiconduc-
tors.

Our goal in this article is to implement and apply the
EXX formalism for half-metallic solids semiconductors,
where the Fermi levelcuts some bands. In particular, we
apply this methodology in order to confirm the existence of
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an isolated narrow band in a three band semiconductor, such
as the half-metallic intermediate band materials already
proposed9 ~MIB !. This kind of material looks promising for
manufacturing solar cells as a result of its ability to increase
the solar cell efficiency with respect to conventional solar
cells.

Luque and Martı´10 have proposed the possibility of
building solar cells using this new kind of material. This
material~MIB ! has to present a half-filled band in the middle
of the bandgap. The MIB is able to absorb low energy pho-
tons to produce transitions from the valence band~VB! to the
intermediate band~IB! and from the IB to the conduction
band ~CB!. These processes improve the efficiency of the
solar cell significantly. Moreover, as usual, it can also absorb
photons of higher energy in order to produce transitions from
the VB to the CB. These authors studied the formation and
thermodynamic properties of the IB materials but they did
not propose any concrete material exhibiting the desired
properties.

In more recent works,9,11 and using DFT methods,
Wahnón and Tablero have proposed some half-metallic ma-
terials that have an IB and have characterized its optoelec-
tronic properties.12 One of the materials that they have pro-
posed is the Ga4P3Ti, an alloy formed on the basis of the
GaP semiconductor where, in an eight atom cubic cell struc-
ture, one P is substituted by a Ti~Fig. 1!. A detailed analysis
of the IB band shows that the IB is mainly made up ofdxy ,
dxz , anddyz orbitals of the Ti.

However, it is known that LDA overestimates the bind-
ing energy whereas GGA overestimates lattice constants, and
both methods underestimate to a greater or lesser degree the
bandgap energies.

Therefore, once the IB band in the Ga4P3Ti system has
been described in terms of the usual LDA and GGA ex-
change correlation functionals9,11 it is necessary to verify
whether the results obtained for the band energies and band-
gaps are confirmed, especially if the presence of the isolated
IB is maintained.

II. COMPUTATIONAL DETAILS

In this work we propose to study the Ga4P3Ti alloy using
the recently implemented exact exchange~EXX! method that
uses a basis of numerical Slater functions for the exchange

density. This scheme is implemented without the restriction
of full electron bands in solid semiconductors.

We will show how the use of EXX methods for studying
these kinds of compounds confirms the presence of the inter-
mediate band and the variation in the bandgaps. For this
purpose we present a careful study on the convergence and
properties of the band structure of the Ga4P3Ti material us-
ing a different auxiliary basis to represent the EXX exchange
density and potential. For the GGA and EXX calculations we
have used pseudopotentials generated using the GGA and
EXX exchange, respectively. The same correlation term has
been used for the two types of calculation.

All calculations are made using a modified version of the
SIESTA code using the double-j ~DZ! or double-j with po-
larization ~DZP! basis sets for representing the Kohn–Sham
orbitals. This code includes both the EXX potential and en-
ergies as well as the usual local density~LDA ! or the gener-
alized gradient~GGA! functionals. The GGA calculations
have been made using the Perdew, Burke, and Ernzerhoff
functional.13

In these calculations, we have used the nonlocal pseudo-
potential approach. It has been constructed using the
Troullier–Martins scheme and the Kleinmann–Bylander
factorization.14,15The reference configurations used in all the
calculations were 4s24p03d2 for Ti, 4s24p13d0 for Ga, and
3s23p33d0 for P. All the generated pseudopotentials have
been tested on a range of cut-off radii.

All calculations have been made using a mesh cut-off of
80 Rydbergs and ak-grid cut-off of 8 Å, including 32
k-points for sampling the first Brillouin zone. The cut-offs
used have been tested in order to ensure the total conver-
gence of the calculations.

The initial structure used in the GGA calculation was the
eight atom GaP zincblende structure cell, where we have
substituted a P atom with Ti~Fig. 1!. In this calculation the
crystalline structure parameters are obtained through a mini-
mization of the total energy relaxing the atomic positions and
the unit cell. In our case the residual forces on the atoms are
required to be less than 0.001 eV/Å and the stress tolerance
less than 0.1 GPa. The lattice parameters obtained after these
relaxations, 5.88 Å for DZ basis and 5.82 Å for the DZP
basis set, were maintained for the EXX calculations. In the
EXX calculations the atoms were allowed to relax in their
positions within the unit cell until the forces on the atoms
were less than the aforementioned 0.001 eV/Å~Table I!.

III. RESULTS AND DISCUSSION

Figure 2 shows the curves for the convergence of the
total energy in the Ga4P3Ti system as a function of the num-
ber of basis functions used to represent the EXX exchange
density. The solid and dashed lines correspond respectively
to two different qualities of basis set, the DZP and DZ basis,
used for representing the KS orbitals. We have plotted for
each of them, eight different results obtained using from 32
to 96 auxiliary basis functions to represent the EXX ex-
change density. The values obtained for the converged total
energies are2869.02 eV for the DZ basis set and
2871.91 eV for the DZP basis set. These values are lower
than the corresponding GGA values, which are2865.16 and

FIG. 1. The cubic crystal structure of the Ga4P3Ti.
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2866.50 eV for the DZ and the DZP basis sets, respectively.
This effect in the total energy can be explained mainly in
terms of the non-self-interacting character of the EXX poten-
tial. The absence of the self-interaction makes the bands
more bounded and the band-energy term of the total energy
more negative. At the same time the EXX exchange energy
is much more negative than the GGA energy~up to 13%!:
the GGA exchange energy is2248.18 eV and the EXX ex-
change energy obtained in the converged calculation is
2266.60 eV.

The behavior of the EXX exchange potential for the
three different auxiliary basis sets, EXX~1!, EXX~2!, and
EXX~3! labeled in Fig. 2, is represented in Fig. 3 along the
@111# direction in the cubic cell. The figure shows the con-
vergence of the potential with the size of the auxiliary basis
set. A DZ basis set for the Kohn–Sham potential has been
used.

Figures 4 and 5 show the dispersion band diagrams at
some points within the Brillouin zone~BZ! for the Ga4P3Ti
system with the DZ and DZP basis sets used to represent the
KS orbitals, respectively. The three different curves in each
figure correspond to the two auxiliary basis sets used for
expressing the exchange density and are numbered EXX~1!
and EXX~3! in Fig. 2. The other curve corresponds to the
GGA calculation. We have selected in the calculations these

FIG. 2. Convergence of the energy~eV! for the Ga4P3Ti system as a func-
tion of the number of auxiliary basis functions used to represent the ex-
change density. The solid line represents the convergence when the DZP
basis set is used for the KS orbitals and the dashed line for the DZ basis set.

TABLE I. Relaxed position of the atoms within the cubic unit cell. The
positions have been obtained using the conjugate gradient method for find-
ing the minimun energy. Values are shown in units of the relaxed lattice
parameter (a55.92 Å).

X Y Z

Ti 0.0007 0.0007 0.0007
P 0.0000 0.5001 0.5001
P 0.5001 0.0000 0.5001
P 0.4999 0.4999 0.0000

Ga 0.2607 0.2607 0.2607
Ga 0.2607 0.7392 0.7392
Ga 0.7392 0.2607 0.7293
Ga 0.7392 0.7392 0.2607

FIG. 3. EXX exchange potential, in a.u., for the Ga4P3Ti system using a DZ
basis set, along the@111# direction of the cubic unit cell. The exchange
potential is represented for the following auxiliary basis sets:~——!
EXX~1!, ~---! EXX~2!, ~xxx! EXX~3!.

FIG. 4. Band dispersion diagrams for the Ga4P3Ti system in the main di-
rections in the Brillouin Zone. Solid lines correspond to GGA calculations
while the dashed and dotted lines correspond to EXX calculations using two
different auxiliary basis sets to represent the exchange density, EXX~1! and
EXX~2! as labeled in Fig. 2. A DZ basis set to represent the Kohn–Sham
orbitals has been used. The origin of the energies has been taken in the
Fermi energy for each calculation.
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two EXX-basis functions in order to appreciate properly the
differences. For example, results are almost indistinguishable
if we represent them for the auxiliary basis EXX~2! and
EXX~3!. In all cases the corresponding Fermi energy has
been taken as the origin of the energies. Using the two afore-
mentioned basis sets for the EXX exchange density it can be
seen that the bandwidth is always smaller than in the case of
the GGA calculations. The reason for this behavior is the
absence of the self-interaction in the EXX method that pro-
duces a greater degree of localization in the bands, and, as a
consequence, a smaller bandwidth. For the same reason,
greater indirect bandgap values between the intermediate and
conduction bands are satisfactorily reached for all EXX
bases used.

Tables II and III show the energy values at some points
in the BZ for the bands involved in the formation of the
bandgaps and the intermediate band for the Ga4P3Ti using a
DZ and DZP basis set respectively for the KS orbitals. One
of the columns shows GGA values, and for the other three
results are obtained using three different auxiliary basis set
sizes to represent the exchange density. These columns are
labeled EXX~1!, EXX~2!, and EXX~3! in Fig. 2. In these
tables,EV , EC , EI(1), EI(2), andEI(3) are the energies for
the valence band~VB!, conduction band~CB!, and three
sub-bands of the IB, respectively. In Tables II and III the use
of the EXX functional reduces the value of the energy in all
the presented points with respect to the GGA values. This
effect reflects the more local character of the EXX potential
compared to the GGA exchange potential. This may be ex-
plained by the enhanced electron localization induced by the
absence of self-repulsion in the EXX method. The occupied
bands become more localized and energetically lower in re-
lation to the GGA method. The comparison of the values
presented in the columns labeled EXX~1!, EXX~2!, and
EXX~3! show the convergence of the energy values when a
complete representation for the EXX potential is reached.

The comparison of energy differences at different points
shows that the reduction in the EXX values is nonuniform,
so it does not come from a rigid transformation of the poten-
tial. Moreover, this reduction in the energy values is greater
for the DZP basis set than for the DZ basis set, because of
better representation of the KS orbitals in the DZP case.

Tables IV and V show the bandgaps and the width of the
IB for the GGA calculation and for three different calcula-
tions using the EXX exchange functional with different
sizes, labeled EXX~1!, EXX~2!, and EXX~3! in Fig. 2. In
these tablesDEVI is the bandgap between VB and IB,DEIC

the bandgap between IB and CB, andDEI is the bandwidth
of the IB. As can be seen in these tables and in the dispersion
band diagram displayed in Figs. 4 and 5, the values for
DEVI , DEIC, andDEI change considerably with respect to
the GGA calculation. Moreover, these tables show that when
improving the basis set representation for the EXX exchange
density@increasing the size from the EXX~1! basis set up to
the EXX~3! basis set#, the bandgaps increase while the width
of the intermediate band decreases as expected due to the
non-self-interacting character of the EXX potential. When
improving the basis set representation for the KS orbitals
from DZ ~Table IV! to DZP~Table V! the situation is similar.
In this last case, there is an small reduction in the compari-
son of the bandgaps and the IB width values. This reduction
can be explained in terms of the improvement in the elec-
tronic charge density description due to the use of a bigger
basis to describe the Kohn–Sham orbitals.

FIG. 5. The same legend as in Fig. 3 but using a DZP basis set to represent
the Kohn–Sham orbitals.

TABLE II. Energies~eV! for the conduction band (EC), the three subbands
of the intermediate band (EI) numbered in increasing order of energy, and
the valence band (EV) at some points in the BZ for the Ga4P3Ti. The results
are obtained using a DZ basis set for the KS orbitals and three different
auxiliary basis sets used to represent the exchange density, labeled EXX~1!,
EXX~2!, and EXX~3! as in Fig. 2.

GGA EXX~1! EXX~2! EXX~3!

L
EV 25.77 26.05 26.48 26.48
EI(1) 25.01 25.28 25.70 25.70
EI(2) 25.01 25.28 25.70 25.70
EI(3) 25.01 25.28 25.70 25.70
EC 22.79 23.06 23.45 23.44

G
EV 26.23 26.50 26.92 26.92
EI(1) 24.64 24.92 25.35 25.35
EI(2) 24.64 24.92 25.35 25.35
EI(3) 24.64 24.92 25.35 25.35
EC 23.58 24.09 24.40 24.39

K
EV 26.05 26.31 26.70 26.70
EI(1) 24.83 25.09 25.47 25.46
EI(2) 24.53 24.80 25.23 25.22
EI(3) 24.45 24.73 25.17 25.17
EC 23.25 23.51 23.87 23.86

W
EV 25.96 26.21 26.61 26.60
EI(1) 24.80 25.03 25.37 25.36
EI(2) 24.39 24.67 25.11 25.11
EI(3) 24.39 24.67 25.11 25.11
EC 23.58 23.84 24.19 24.18
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The last rows in the tables show the three previous quan-
tities added (D5DEVI1DEIC1DEI). As can be seen, there
is a small change in the total of the three quantities when the
EXX and GGA values are compared. In Table V, with a DZ
basis set for KS orbitals, the change is only 0.16 eV, which
represents 8.3% of the total value. The reason for this quan-
tity being so small is that two opposite effects are taken into
account. While the gaps between the bands increase@the
VB-IB bandgap grows by 0.14 eV~33.3%! and the IB-CB
bandgap grows by 0.18 eV~36.0%!#, the IB width lowers
from 1.00 to 0.84~16.0%! and compensates the effect of the
increase in the bandgaps. This effect can be seen in Fig. 4.

Table V for the DZP basis set shows, as in the DZ case,
two opposite effects leading to a small change in the total
energy difference between the valence and conduction bands.
Thus, while the total energy difference only increases from
1.68 to 1.74 eV~3.6%!, the two bandgaps change by a more
appreciable percentage: the bandgap from the VB to the IB
increases from 0.41 to 0.46 eV~12.2%! and the bandgap

between the IB and the CB increases from 0.25 to 0.33 eV
~32.0%!. There is also a reduction in the IB width from 1.02
to 0.96 eV~5.9%! as the DZ basis. Figure 4 show the dis-
persion band diagrams that confirm these results.

IV. CONCLUSION

We have presented a complete study of the convergence
of band-structure properties of the Ga4P3Ti half-metallic in-
termediate band system, using the implemented EXX
method for calculating the exchange part of the Kohn–Sham
potential and energy. The analysis of the total energy conver-
gence for the different basis functions used shows that the
system is affected in the cases studied by the use of EXX
compared to GGA exchange potential. Moreover, dispersion
band diagrams for the system using the EXX method com-
pared with GGA calculations show that the bandwidth of the
intermediate band is always smaller for the two qualities of
the basis set used. These effects are due mainly to the non-
self-interacting character of the EXX potential that makes
bands more bonded as such, making the band energy term of
the total energy more negative. As a final conclusion, the use
of the EXX method not only confirms the results predicted
previously using the DFT-LDA and DFT-GGA methods, but
also the EXX calculation shows the existence of the isolated
IB in the Ga4P3Ti material.
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