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Among all magnetic semiconductors, GaMnAs seems to be the most important one. In this work,
we present accurate first-principles calculations of GaMnAs within the GGA-1/2 approach: We
concentrate our efforts in obtaining the position of the peak of Mn-d levels in the valence band and
also the majority spin band gap. For the position of the Mn-d peak, we find a value of 3.3 eV below
the Fermi level, in good agreement with the most recent experimental results of 3.5 and 3.7eV. An
analytical expression that fits the calculated E,(x) for majority spin is derived in order to provide
ready access to the band gap for the composition range from 0 to 0.25. We found a value of 3.9eV
for the gap bowing parameter. The results agree well with the most recent experimental data.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4718602]

Recently, there has been increasing interest in exploring
the spin degree of freedom in addition to the charge in semi-
conductors by the emerging field of semiconductor spin-
tronics.' Spin devices are expected to have great advantages
to their charge counterparts, being faster, smaller, and less
energy consuming.'? In the last 20 years, enormous efforts
have been made toward the achievement of an ideal mag-
netic semiconductor (MS), formed by alloying magnetic ele-
ments and semiconductors, because this allows an interplay
between magnetic and electronic properties® and could make
semiconductor circuits behave as storage circuits.*

Among the possible choices for MSs, GaMnAs is one of
the most outstanding materials.” It is the only material for
which magnetic hysteresis, polarized light emission, and the
anomalous Hall effect have been reported.6 In GaMnAs, Mn
substitutes Ga and furnishes a magnetic moment to the MS
(since it has five electrons in the open 3 d shell), and at the
same time it acts as an acceptor. Experiments have shown
that the valence-band holes (that appear due to the presence
of Mn) are crucial to sustain the ferromagnetism in the alloy.
At the same time they permit an electrical control of the
magnetic properties.* All these features make GaMnAs a
very interesting material to be investigated.

On the other hand, from a theoretical point of view,
first-principles calculations can provide useful information
about structural, thermodynamic, and electronic properties.
The majority of these calculations is based on density func-
tional theory (DFT) combined with the local density approxi-
mation (LDA) or with the generalized gradient
approximation (GGA) for the exchange-correlation (XC)
functional. However, some properties, such as the magnetic
ones or the electronic band structures, can depend quite sen-
sitively on the XC approximation employed.* The band gap,
which is a fundamental property of a semiconductor, is
always underestimated in both LDA and GGA approaches.
Also, the nonlocality of the (screened) exchange interaction
is not taken into account, and the electrostatic self-
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interaction is not entirely compensated: This lack of compen-
sation causes large errors for localized states, such as Mn-d
states,” tending to place these states at too high energies in
comparison with the top of valence band. It is now widely
accepted that some correction is needed for Mn-d levels in
GaMnAs.*®

Several methods for overcoming these limitations have
been proposed. One of them is the GW approximation, in
which one considers the energies of quasi-particles and cal-
culates the electron self-energy in terms of perturbation
theory.” This procedure has been quite successful achieving
good accuracy, but it is computationally very demanding,
and this is a major obstacle to employ such an approach to
simulate MSs with low magnetic atom content because of
the need of a large supercell. Other procedures have also
been proposed; among them, we can mainly cite the self
interaction correction (SIC),m hybrid functionals,'! screened
exchange (SX-LDA),'? the so-called exact-exchange
approach,13 the well known LDA—l—U,14 etc. For GaMnA:s, it
is well known that LDA+U can provide better results.* In
this approach, the Hubbard description of strongly correlated
orbitals is combined with DFT, and one additional parameter
U is added to the energy functional. However, this U param-
eter is not known in principle and should be obtained by fit-
ting the results to some reported measurements. The value of
U that is needed for Mn-d orbital is not well defined as well:
Some studies report a value of 3 eV,' while others claim it
to be 4eV.'® Moreover, the LDA+U cannot be applied to all
magnetic compounds since the wider gap GaMnN MS is not
well described by this approach.®

Recently Ferreira et al.'” have developed a simple and
successful procedure, with no adjustable parameters, to cal-
culate the excitation energy spectrum. The procedure is
inspired by the old Slater transition state technique for
atoms, shown to be equivalent to the inclusion of the self-
energy of the quasi-particle. The self-energy potential is cal-
culated for the atom, and, when transferred to an infinite
crystal, it is trimmed not to extend to neighboring atoms.
The trimming is made by means of a cutting function with a

© 2012 American Institute of Physics
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parameter “CUT” which is determined variationally by mak-
ing the band gap extreme. As with the best GW calculations,
the Ferreira et al. method, named LDA-1/2, produces very
good band gaps and effective masses, but at a very small
computational price. It is capable to treat a great variety of
compounds ranging from small gap semiconductors such as
InSb to large gap such as SiO,. Lately we have been also
using a GGA-1/2 method, where the exchange-correlation is
GGA, instead of LDA, and the —1/2 is to remind that we
remove 1/2 electron, as in the transition state technique.
LDA-1/2 and also GGA-1/2 have proven to describe cor-
rectly the excitation aspects in binary compounds,'”'®
alloys,19 and interfaces.?’

In this article, we perform ab initio calculations based
on DFT using both GGA-1/2 and GGA for the XC potential
to contrast the results. The Kohn-Sham equations are solved
by employing the projector augmented waves (PAW)
scheme as implemented in the Viena ab initio Simulation
Package (VASP).zl’22 Before we simulate GaMnAs, we con-
sider the binary compound GaAs just to reveal the accuracy
of the GGA-1/2 method. By using the GaAs experimental
lattice constant®® of 5.64 A, we obtain a gap of 0.484 eV for
GGA and of 1.475¢eV for GGA-1/2. The latter gap value fits
nicely to the measured gap, which is 1.519eV. The spin-
orbit splitting Agp = 0.332¢V is the same for both GGA and
GGA-1/2 approaches and agrees with the experimental value
of 0.341eV.>

Initially, we focus our attention on obtaining the right
position of Mn-d levels. In this first moment, we consider a
Mn composition x = 6.25% and make use of a supercell con-
taining 32 atoms (16 cations and 16 anions), in which one
Mn atom substitutes one Ga atom. All Mn spin moments are
forced to be aligned ferromagnetically. The supercell
employed in our calculations is depicted in Fig. 1: It has a
body centered cubic symmetry and its primitive vectors are
given by d;=a(—1,1,1), d =a(l,—1,1), and s
=a(l,1,—1), where q is the lattice parameter. The experi-
mental lattice constant®* @ = 5.68 A for this Mn composition
was used in our calculations.

In the GGA-1/2 calculation, like in the LDA-1/2 calcu-
lation, we must determine the CUT parameter before the
intended calculation. In our case, to correctly describe the

© Mn

O Ga
O As

FIG. 1. Body centered cubic supercell of 32 atoms. The geometrical limits
of this supercell appear highlighted with a thick black line. Although the sys-
tem crystalizes in the zinc-blende structure, this supercell is the most sym-
metric one to simulate 32 atoms in the zinc-blende configuration.
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TABLE I. Half-ionized orbitals used in the GGA-1/2 method. The CUT is
given in atomic units.

Atom Orbital CUT
As 4p 3.81
Ga 3d 1.23
Mn 3d 3.00

electronic states of GaMnAs, we need to employ the half-
ionized correction for the As 4p, Ga 3d, and also Mn 3d lev-
els. We use the same GGA-1/2 CUTs for As and Ga as those
ones mentioned in Ref. 17, since CUT has proven to be a
transferable quantity.17 On the other hand, for the Mn 3d,
there is no standard technique to determine CUT since it is
obtained for semiconducting materials making the band gap
extreme. Here, we only consider the majority spin band gap
for Gag o375 Mng gg25 As and find the CUT parameter shown
in Table I. We noted that considering only the d levels for
the one of this paper and Ref. 17, the CUT parameter has a
linear behavior with the 90% atomic charge radii as one can
be observed in Fig. 2, reinforcing the atomic character of the
d levels. This result, perhaps, can lead to another method for
obtaining the CUT although more tests must be performed to
confirm it.

We show in Fig. 3 the spin-decomposed density of states
(DOS) for a standard GGA calculation (a) and for a GGA-1/2
calculation (b). Our GGA DOS compares well with other
theoretical calculations performed within the LDA
approach.'®*~2® The first thing to note is that GGA predicts
a small gap for both spin-up and spin-down (where the spin-
up gap appears above the Fermi level, inside unoccupied
states; only for spin-down the Fermi level occurs inside the
gap demonstrating the half-metallic character). This gap
underestimation is usual for GGA. The GGA-1/2 correction
opens these gaps. Also, the Mn-d bands become narrower in
GGA-1/2 than in GGA, resulting in more localized d states,
as expected. The spin-up states between the Fermi level
(0eV) and —0.4¢eV are formed by Mn-d ¢, states and p orbi-
tals of the four As first neighbors of Mn. This is consistent

3,5_"‘|"‘|"‘|"‘|"‘|"‘

Zn

15F .
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Mo 1a e 18 20 22 24
90% atomic charge radii

FIG. 2. CUT values for levels-d obtained by the standard procedure as a
function of 90% atomic charge radii R. The fitting curve results on
CUT = —1.57 + 2.02R.
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FIG. 3. DOS calculated within (a) GGA and (b) GGA-1/2. All the energy
values are referred to the Fermi level, depicted as the gray dotted line.
The black line is the total DOS while the filled blue line is the Mn-d
projected DOS.

with experimental observations.?**° However, we note that
these states show some kind of artificial broadening in the
GGA calculation; on the other hand, they appear explicitly
more localized in GGA-1/2 calculations.

We now explore the Mn-d projected DOS shown in
Fig. 3. This DOS presents a peak slightly above the top of
the spin-down valence band, and another more pronounced
peak located at about 3 eV below the valence band edge. It is
interesting to compare the position of this last peak with
available experimental data. Usually the measured peak is
referenced to the Fermi level. The first measurement was
performed in 1999 by Okabayashi et al.*° by means of a pho-
toemission experiment employing photons in the energy
range of 46-55¢V. They obtained a peak position of 4.5eV
below the Fermi level. This measurement was further con-
firmed by another experiment reported in 2001 also per-
formed by Okabayashi et al.>® Nevertheless, in 2002, a value
of 3.5eV was obtained by Asklund et al! using a photoem-
ission experiment as well but with a photon energy of §1eV,
well above the resonant range for Mn. In 2004, the same
group,32 using the same technique, measured 3.7 eV for this
peak and 4.7 eV for annealed samples at 430°C. The 3.7eV
peak was then associated with substitutional Mn, whereas
the other one was due to Mn in an interstitial position. In
Table II, we compare our results with the experimental ones.
We observe that the GGA-1/2 prediction has a better agree-
ment with the most recent data in comparison to GGA.

In Table II, for a better comparison, we also display
other theoretical results, obtained with different approaches
for the XC potential. In 2010, Sato et al. published a
review? where they predict the peak to appear at 5.2eV
below the Fermi level. This calculation was done using the
pseudo-self-interaction (PSIC) scheme and a Mn concentra-
tion of 5%. They also report a result of 2.7 eV for a standard
LDA calculation. In 2009, by employing the GGA+U
method, AlZahrani et al. obtained the value of 3.4eV, in
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TABLE II. Position of Mn-d level (eV) inside the valence band referenced
to the Fermi level.

Method Value
GGA? 2.9
GGA-1/2* 3.3
LDA 2.5 2.7
PSIC 5.2°¢
GGA+U 3.4¢
SIC 3.16% 3.23°
OEP 3.7¢
LDA+U 42f
Experimental 3.5%,3.7"4.5!
“This work.

PReference 27.
“Reference 25.
dReference 40.
“Reference 26.
Reference 16.
2Reference 31.
"Reference 32.
iReferences 29 and 30.

well agreement with the experimental results of Refs. 31 and
32. In 2007, Schulthess et al.*® employed the SIC approach
to obtain this level in Gaggs7s Mng g5 As, reaching 3.16
and 3.23eV by two different calculations; they also
employed a SIC based optimized effective potential (OEP)
being able to achieve 3.7eV. In 2004, Shick et al.'®
employed LDA+U to improve the LDA predictions and for
U=4eV they got ~4.3eV for the distance between the
Fermi level and the Mn-d main peak in the valence band;
however, for different values of U, the position of the peak
was altered (for U equal to 9 and 12¢eV, they got ~6.5 and
~8.3eV, respectively, for the position of this peak). They
have also observed that the position of the Mn-d main peak
is almost composition independent, contradicting some ex-
perimental results.”’

Now we focus our attention on the band gap dependence
on the Mn content. We vary the composition of Mn of Ga;_,
Mn, As from x =0 to x =0.25 by changing the size of super-
cell employed in the calculations. For x=0, we have the
standard GaAs, and for x =0.0625, 0.125, and 0.25, we use
supercells with 32, 16, and 8 atoms, respectively, and in each
supercells we replace one atom of Ga by one Mn. For each
concentration, we calculate the spin-up band gap. This infor-
mation can be used in the design of spintronic devices.*® We
consider this band gap as the energy difference between the
lowest spin-up conduction band state (well above the Fermi
level) and the highest spin-up state in the valence band
(slightly above the Fermi level). In Fig. 4, we plot these
results and compare them with other theoretical calculations
and also with some experimental measurements available for
small Mn composition. The values of Dietl er al.>* and Tsur-
uoka er al.,>® published in 2001 and 2002, respectively, show
deviations of about 0.2eV from the GGA-1/2 curve. We
could observe the same deviation from the AlZahrani theo-
retical results based on GGA approach (albeit, the point
shown refers to the minority spin band gap). When we con-
sider the more recent experimental measurements, published
in 2007 and 2011 by Thomas et al.*® and Yastrubchak
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FIG. 4. Majority spin band gap of Ga,_Mn, As from GGA and GGA-1/2
calculations compared with other results from a broad source of references.
For the band gaps taken from literature, the open symbols come from theo-
retical calculations and the filled ones, from experimental measurements.
Legend: a and b: Ref. 33 (methods A and B, respectively); c¢: Ref. 40 (this
is a result for the minority spin band gap); d: Ref. 23; e: Ref. 37; f: Ref. 36;
g: Ref. 34; h: Ref. 35.

et al.”” respectively, a very good agreement is seen between
the theoretical and experimental results. Our GGA-1/2 find-
ings are also endorsed by the theoretical calculations of
Turek et al.,** performed in a tight-binding framework.

In order to provide an analytical expression for the
energy band gap which could be of practical use and of easy
access, we fit a second order polynomial curve to our results,
and obtain the expression given in Egs. (1) and (2), respec-
tively, for GGA and GGA-1/2 gaps.

E,(x) = 0.49 — 3.0x + 6.7x°. (1)

E,(x) = 1.55 — 3.0x + 3.9x". )

We stress that these expressions are valid only for small con-
centration of Mn once the expression obtained by fitting the
full compositional range may differ from that obtained by fit-
ting just a small interval of compositions.”® From Egs. (1)
and (2), we get the bowing parameter for the band gap of
this alloy: the GGA and GGA-1/2 values are 6.7 and 3.9¢V,
respectively. Unfortunately, there is no experimental value
for the bowing parameter.

In summary, we have studied theoretically the GaMnAs
MS within the GGA-1/2 approach, calculating the position
of Mn-d states and the band gap for small Mn concentra-
tions. We obtained a good agreement between our results
and the most recent experimental values reported for this ma-
terial. From the calculated energy gap we derived an expres-
sion for E,, and determined the band gap bowing for this
MS. These calculations, in addition to other ones done
before,* show that the GGA-1/2 technique can indeed be
used to describe magnetic systems, opening a window to
explore other relevant MSs such as GaMnN, InMnN,
InMnAs, ZnCoO, ZnCrO, etc.
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