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The electronic structure of the �Ga,Mn�As, �Ga,Mn�N, and �Ga,Gd�N, diluted magnetic semiconductors
�DMSs� were investigated theoretically from first principles, using the fully relativistic Dirac linear muffin-tin
orbital band-structure method. The electronic structure is obtained with the local spin-density approximation
�LSDA�, as well as the LSDA+U method. The x-ray magnetic circular and linear dichroism �XMCD and
XMLD� spectra at the Mn, As, Ga, and N K and Gd, Mn, As, and Ga L2,3 edges were investigated theoretically
from first principles. The origin of the XMCD spectra in these compounds was examined. The effect of
interstitial Mn atoms was found to be crucial for the x-ray magnetic dichroism at the Mn and As K and L2,3

edges in the �Ga,Mn�As DMS. The influence of the exchange splitting and spin-orbit coupling strength on each
of the constituent atoms were furthermore analyzed. The orientation dependence of the XMCD and XMLD at
the Mn L2,3 edges in the �Ga,Mn�As DMS was investigated by calculating the XMCD and XMLD spectra for
the �001� and �110� magnetization axis. We found a quite small anisotropy in the XMCD and a giant anisotropy
in the XMLD at the Mn L2,3 edges. The exchange splitting of the initial Mn 2p core level was found to be
responsible for huge magnetocrystalline anisotropy of the XMLD at the Mn L2,3 edges. The calculated results
are compared with available experimental data.

DOI: 10.1103/PhysRevB.81.075209 PACS number�s�: 75.50.Cc, 71.20.Lp, 71.15.Rf

I. INTRODUCTION

Diluted magnetic semiconductors �DMSs� are semicon-
ductors alloyed with magnetic elements.1 The physical prop-
erties of these materials can be tuned by both charge and
spin, thus, they have great potential of being used in a wide
variety of spintronic applications, such as magneto-optical,
magnetoelectrical, and magnetotransport devices. Spintron-
ics �spin+electronics� is the technology that transforms read-
ing and writing information by spin rather than by electron
charge. This field is in-between magnetic and electrical prop-
erties of semiconductors. Many researches have been de-
voted to the study of dilute magnetic semiconductors for use
as materials for spintronics.

In this respect Mn-doped III-V semiconductors are among
the most frequently studied. In particularly �Ga,Mn�As
where the carrier-induced ferromagnetic exchange is well
established.2,3 Mn-doped DMSs are most suitable for spin-
tronic applications since the Mn ion possess the largest mag-
netic moment compared to other 3d transitional metals and it
also creates a fully polarized stable state due to its half-filled
3d bands. Experimentally, ferromagnetism in �Ga,Mn�As is
observed when Mn doping reaches approximately 1% and
the system is near the Mott insulator-to-metal transition.4 At
larger Mn concentrations, the localization length of impurity-
band states is extended to a degree that allows them to me-
diate ferromagnetic exchange interaction between Mn mo-
ments, even though the moments are dilute. At even higher
Mn concentrations, the impurity band gradually merges with
the valence band5 and the impurity states become delocal-
ized. In these metallic �Ga,Mn�As ferromagnets, on which
we focus in the following sections, the coupling between Mn
local moments is mediated by the p-d kinetic-exchange
mechanism.3

For the device application, DMSs should satisfy two re-
quirements. The first is carrier controllability and the second

is that the Curie temperature �TC� should be above room
temperature. The most widely studied DMS, �Ga,Mn�As, sat-
isfy the first requirement but shows a Curie temperature far
below room temperature and therefore appears to be unsuit-
able for commercial applications. This has led to a consider-
able world-wide effort in search for new DMSs with higher
TC’s.

Dietl et al.6 predicted theoretically that an alloy of
�Ga1−xMnx�N, with an amount of Mn comparable to that
used in �Ga1−xMnx�As, should result in a Curie temperature
exceeding room temperature. The prediction led to a flurry of
experimental7–16 and theoretical17–32 investigations of the
�Ga,Mn�N DMS. However, the experimental achievement
was not always successful and the experimental data on TC
of �Ga,Mn�N have given a wide range of measured values.
�Ga,Mn�N has been reported to be antiferromagnetic,7 ferro-
magnetic with TC around 10 K,9,15 or ferromagnetic above
room temperature.10–13 The wide variation in reported Curie
temperatures suggests that dopant clustering or secondary
magnetic phases may be responsible for the observed ferro-
magnetic signals and indeed the high-temperature ferromag-
netism is often attributed to the presence of Mn-rich
clusters.33

Recently, nitrides and oxides doped with partially filled 4f
rare-earth �RE� ions have been proposed as an interesting
alternative to achieve high TC in these materials. Ferromag-
netism has already been observed in �Ga,Gd�N, with Curie
temperature larger than room temperature.34–36 Furthermore,
a colossal magnetic moment of Gd in GaN has been ob-
served, which has a close connection to the observed ferro-
magnetism in this system.35 The 4f RE elements can have
larger magnetic moments than the 3d elements, and f elec-
trons can couple strongly with the host s electrons, leading to
the possibility of electron-mediated ferromagnetism in these
materials.37 It should be noticed that there is a significant
difference in the dopant concentrations needed to induce fer-
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romagnetism in GaN between rare earths and the more con-
ventional transition metals such as Mn. In the latter case,
concentrations of 3–5 at. % are typically required and this
is well above the solid solubility, requiring use of low growth
temperatures or nonequilibrium incorporation methods such
as ion implantation �x=1% Mn doping corresponds to NMn
=2.2�1020 cm−3 in �GaMn�As�. By comparison, concentra-
tions of 1016–1018 cm−3 of Gd and Eu appear sufficient for
inducing ferromagnetism and correspondingly large mag-
netic moments.38 This has the advantage that there is less
compromise in the material quality through the use of lower
impurity levels and the material may be codoped with con-
ventional shallow level dopants to control the conductivity.
Since the rare-earth dopants may be optically active in these
materials, magnetic and optical functionalities on a single
chip may be possible.

Despite the partial success, the nature of the host-impurity
couplings, and of the ferromagnetic interactions in
�Ga,Mn�N, �Ga,Gd�N, and other doped nitrides and oxides,
is not very well understood. The accumulated experience of
experiments with thin films of magnetically doped semicon-
ductors indicates a high sensitivity of the samples to the
technology of their preparation and subsequent heat
treatment.39 The existing technologies, e.g., ion implantation,
pulsed laser deposition, reactive magnetic sputtering, etc.
permit one to obtain extremely imperfect films in a state far
from thermodynamic equilibrium. Those samples, as a rule,
are unstable against transition to a nonuniform state, specifi-
cally: precipitations of other crystallographic phases, phase
separation of the host matrix into insulating and conducting
regions, spinodal decomposition in the magnetic subsystem,
the appearance of diffusion and implantation profiles, etc.
Even in carefully controlled situations, when the precipita-
tion of parasitic phases and aggregations of superparamag-
netic clusters with an excess concentration of magnetic ions
are prevented as much as possible, it is impossible to com-
pletely avoid the fundamental inhomogeneities of DMSs.

Self-consistent band-structure calculations of DMSs have
been performed by several authors17–32,40–52 �see, e.g., review
papers of Refs. 2 and 3 for details�. Most interest in previous
calculations was paid to the nature of the magnetic interac-
tions in the DMSs. In the present study, we focus our atten-
tion on x-ray absorption spectra �XAS� as well as x-ray
magnetic circular dichroism �XMCD� and x-ray magnetic
linear dichroism �XMLD� in �Ga,Mn�As, �Ga,Mn�N, and
�Ga,Gd�N DMSs. XMCD experiments measure the differ-
ence in the absorption of x-rays with opposite �left and right�
directions of circular polarization. The XAS and XMCD at
the Ga, Mn, and As K and L2,3 edges in the Mn-doped GaAs
were measured by several groups.14,53–68 Takeda et al. �Ref.
68� investigated the temperature and magnetic field depen-
dence of soft XMCD at the Mn L3 edge. The results suggest
that the interaction between the substitutional and interstitial
MnI ions is antiferromagnetic and that the amount of MnI
affects TC. Angle-dependent XMCD and XMLD at the
Mn L2,3 edges in �Ga,Mn�As were measured by Edmonds et
al. �Ref. 62� and Freeman et al. �Ref. 63�. In contrast to the
marginal anisotropy in the XMCD, giant anisotropy in the
XMLD was found. Freeman et al. �Ref. 63� explain the giant
anisotropy in the XMLD using many-electron multiplet cal-

culations in which the 2p-3d Coulomb and exchange inter-
actions are explicitly taken into account. Kunes and
Oppeneer69 theoretically predicted a large, on the order of
the signal itself, anisotropy of the L2,3 XMLD in cubic sys-
tems such as Fe, Co, and Ni metals. This result was obtained
using both ab initio band-structure calculations and model
calculations in which the 3d spin-orbit �SO� interaction was
neglected.

Hwang et al. in Ref. 14 investigated the electronic struc-
ture of Mn-doped GaN using photoemission spectroscopy
and XAS. Mn XAS at the L edge have indicated that the Mn
ions are in a tetrahedral crystal field and that their valences
are 2+. Resonant photoemission spectroscopy has revealed
that the main structure of the Mn 3d partial density of states
�PDOS� appears within the valence band of GaN and as a
shoulder above the valence-band maximum of GaN. The
XAS and XMCD of the DMS �Ga,Mn�N have been investi-
gated in Refs. 13, 15, 70, and 71. Sarigiannidou et al. �Refs.
15 and 70� measured the XAS, XMCD, and XLD spectra at
the Ga and Mn K edges. The Mn K XMCD spectrum was
found to have a very intense negative peak �1.6% with re-
spect to the step at the edge� in close vicinity to the edge,
however, the corresponding XLD spectrum had a very small
signal in this energy range. The XAS and XMCD spectra of
the �Ga,Mn�N DMS at the Mn L2,3 edges were detected by
Freeman et al. �Ref. 71� and Kevney et al. �Ref. 13�. Free-
man et al. in Ref. 71 measured two wurtzite �WZ� and two
zinc-blende �ZB� �Ga,Mn�N samples using both fluorescent
yield �FY� and total electron yield �TEY� detection methods.
For all samples studied, the XMCD L3 peak was found to be
split into two components, a low-energy peak �denoted A�
and a higher-energy peak �denoted B�, separated by about
0.85 eV. The relative intensities of each peak varied from
sample to sample. Zinc-blende samples produced a more
pronounce double-peak structure than the wurtzite samples.
The measurements obtained in the more surface-sensitive
TEY mode showed a larger A /B ratio than measurements in
the FY mode. The effect of changing the applied magnetic
field on the two peaks in the L3 region at a constant tempera-
ture of 10 K was also investigated. The two components
show a different dependence on the applied field: at 0.5 T the
two XMCD peaks were of similar magnitude while at 5 T
peak A was almost a factor of 2 larger than peak B. The XLD
in �Ga,Gd�N at the Ga K and Gd L3 edges have been mea-
sured by Martinez-Criado et al. �Ref. 72� and Ney et al. �Ref.
73�. The XMCD spectra at the Gd L3 edge were also detected
by Ney et al. �Ref. 73�.

Theoretically dichroism spectra in DMSs were investi-
gated mostly using atomic multiplet calculations with some
adjustable parameters.15,62,63 Density-functional calculations
of XMCD at Ga, Mn, and As L3 and K edges in �Ga,Mn�As
have also been reported.51 The theory describes reasonably
well the shape of the XMCD spectra at the Mn, As, and
Ga L3 edges. The Mn, As, and Ga XMCD spectra at the K
edges has also been predicted. It appeared later that the pre-
dictions were not in perfect agreement with the experiment.
In particular, the calculated Mn and As K XMCD spectra
showed sharp negative peaks at the onset of the pre-edge,
which were not present in the experimental spectra measured
by Freeman et al. �Ref. 66�. Titov et al. in Ref. 32 presented
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combined experimental and theoretical investigations of the
x-ray absorption near-edge structure at the K edge of Mn and
valence states of Mn in the �Ga,Mn�N DMS. The calculated
K-edge spectra fit well the experimental data obtained on
samples of �Ga1−xMnx�N with a wide range of Mn doping
�from x=0.3% to 5.7%�. The comparison between the mea-
sured spectra and the results of the ab initio calculations
offered a clear interpretation of the pre-edge structure: it is
mainly due to dipolar transitions with a single peak in the
case of Mn2+ and an additional peak for Mn3+.

The paper is organized as follows. The details of the cal-
culations are described in Sec. II. Section III presents struc-
tural models for �Ga,Mn�As, �Ga,Mn�N, and �Ga,Gd�N
DMSs used in the present work. Section IV is devoted to the
electronic structure as well as XMCD and XMLD properties
of the DMSs calculated with the fully relativistic Dirac linear
muffin-tin orbital �LMTO� band-structure method. The re-
sults are compared with available experimental data. Finally,
the results are summarized in Sec. V.

II. COMPUTATIONAL DETAILS

Magneto-optical �MO� effects refer to various changes in
the polarization state of light upon interaction with materials
possessing a net magnetic moment, including rotation of the
plane of linearly polarized light �Faraday, Kerr rotation�, and
the complementary differential absorption of left and right
circularly polarized light �circular dichroism�. In the near
visible spectral range these effects result from excitation of
electrons in the conduction band. Near x-ray absorption
edges, or resonances, magneto-optical effects can be en-
hanced by transitions from well-defined atomic core levels to
transition-symmetry-selected valence states.

For a crystal of cubic symmetry, where the magnetization
M is parallel to the z axis, the dielectric tensor is composed
of the diagonal �xx and �zz and the off-diagonal �xy compo-
nents in the form

� = � �xx �xy 0

− �xy �xx 0

0 0 �zz
� . �1�

A complete description of the MO effects is given by the
four nonzero elements of the dielectric tensor or, equiva-
lently, by the complex refractive index n���

n��� 	 
���� = 1 − ���� + i���� �2�

for several normal modes corresponding to the propagation
of pure polarization states along specific directions in the
sample, which can be obtained by solving Maxwell’s
equations.74 Two of these modes are for circular components
of opposite �� � helicity with the wave vector h �M and have
indices

n� = 1 − �� + i�� = 
�xx � i�xy . �3�

The other two modes are for linear polarizations with
h�M.75 One has the electric vector E �M and index n� =1
−�� + i�� =
�zz. The other has E�M and n�=1−��+ i��

=
��xx
2 +�xy

2 � /�xx.

X-ray magnetic circular dichroism is given by �+−�− and
is first order in M. Magnetic linear dichroism n�−n� �also
known as the Voigt effect� is quadratic in M. The Voigt effect
is present in both ferromagnets and antiferromagnets while
the first-order MO effects in the forward scattering beam are
absent with the net magnetization in antiferromagnets.

Within the one-particle approximation, the absorption co-
efficient � j

���� for incident x-ray of polarization � and pho-
ton energy 	� can be determined as the probability of elec-
tronic transitions from initial core states with the total
angular momentum j to final unoccupied Bloch states

��
j ��� = �

mj

�
nk


�
nk
��

 jmj
�
2��Enk − Ejmj

− 	��

� ��Enk − EF� , �4�

where 
 jmj
and Ejmj

are the wave function and the energy of
a core state with the projection of the total angular momen-
tum mj; 
nk and Enk are the wave function and the energy of
a valence state in the nth band with the wave vector k; and
EF is the Fermi energy.

�� is the electron-photon interaction operator in the di-
pole approximation

�� = − e�a�, �5�

where � are the Dirac matrices, a� is the � polarization unit
vector of the photon vector potential, with a�

=1 /
2�1, � i ,0� , a� = �0,0 ,1�. Here, + and − denotes, re-
spectively, left and right circular photon polarizations with
respect to the magnetization direction in the solid. Then,
x-ray magnetic circular and linear dichroisms are given by
�+−�− and �� − ��++�−� /2, respectively. More detailed ex-
pressions of the matrix elements for the spin-polarized fully
relativistic LMTO method may be found in Refs. 76 and 77.

Usually, the exchange splitting of a core shell is small
compared to the band width of final valence states and can be
neglected. However, the exchange splitting of the 2p1/2,3/2
states of 3d transition metals may be as large as 0.4 eV.
Then, the transitions from the core states with different mj in
Eq. �4� occur at different photon frequencies. This may lead
to the appearance of giant XMLD in cubic 3d metals and its
strong dependence on the magnetization direction.69

All the calculations presented in this work were per-
formed using the spin-polarized fully relativistic LMTO
method78,79 for the experimentally observed lattice constants:
a=5.654 Å for GaAs,80 a=3.189 Å and c=5.185 Å for
wurtzite-type GaN, and a=4.500 Å for zinc-blende-type
GaN.81 We used the Perdew-Wang82 parameterization of the
exchange-correlation potential. Brillouin zone �BZ� integra-
tions were performed using the improved tetrahedron
method83 and charge self-consistently was obtained on a grid
of 84 k points in the irreducible part of the BZ of
�Ga1−xMnx�As �x=0.03�. For wurtzite-type �Ga1−xMnx�N and
�Ga1−xGdx�N we used a grid of 193 k points in the irreduc-
ible part of the BZ. To improve the potential we included
additional interstitial spheres. The basis consisted of Mn, Ga,
and As s, p, and d; Gd s, p, d, and f; and N s and p LMTOs.
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X-ray absorption and dichroism spectra were calculated
taking into account the exchange splitting of core levels. The
finite lifetime of a core hole was accounted for by folding the
spectra with a Lorentzian. The widths of K, L2, and L3 core-
level spectra: 
K=1.11 eV, 
L2

=0.97 eV, and 
L3
=0.36 eV for Mn; 
K=1.76 eV, 
L2

=0.77 eV, and 
L3
=0.77 eV for Ga; 
K=2.09 eV, 
L2

=0.95 eV, and 
L3
=0.94 eV for As; 
L2

=3.87 eV and 
L3
=3.72 eV for Gd;

and 
K=0.5 eV for N were taken from Ref. 84. The finite
apparative resolution of the spectrometer was accounted for
by a Gaussian of width 0.6 eV.

Strong electronic correlations in Mn 3d and Gd 4f shells
were treated at the mean-field level using the LSDA+U
approach85 in its rotationally invariant implementation which
is describe in details in our previous paper.86 The effective
on-site Coulomb repulsion U was treated as an adjustable
parameter. We used U=4 eV for the Mn 3d states in �Ga,M-
n�As and U=7 eV for the Gd 4f states in �Ga,Gd�N DMS.
The exchange integral J was estimated from constrained lo-
cal spin-density approximation �LSDA� calculations and val-
ues of 1.0 and 0.68 eV were used for the Mn and Gd states,
respectively.

III. STRUCTURAL MODEL

GaAs crystallizes in the zinc-blende-type crystal structure

with the F43̄m �No. 216� space group. Ga and As ions
occupy the 4a �x=0, y=0, z=0� and 4c �x= 1

4 , y= 1
4 ,

z= 1
4 � Wyckoff positions, respectively. The elements in the

�Ga,Mn�As compound have nominal atomic structures
�Ar�3d104s24p1 for Ga, �Ar�3d54s2 for Mn, and
�Ar�3d104s24p3 for As. This circumstance correctly suggests
that the most stable and therefore most common position of
Mn in the GaAs host lattice is on the Ga site where its two 4s
electrons can participate in crystal bonding in much the same
way as the two Ga 4s electrons.3

A significant fraction of the Mn ions in �Ga,Mn�As DMSs
is also incorporated into interstitial positions.87,88 Direct ex-
perimental evidence for Mn impurities occupying interstitial
�MnI� rather than substitutional positions was uncovered by
combined channeling Rutherford backscattering and particle-
induced x-ray emission measurements87 as well as by scan-
ning tunneling microscopy.88–91 In highly doped as-grown
samples, the experiment identified nearly 20% of Mn as re-
siding on interstitial positions. Adsorption pathways that can
funnel Mn to interstitial sites were identified theoretically
using ab initio calculations of the potential-energy surface of
Mn adsorbed on GaAs�001�.42 First-principles calculations
have also confirmed that interstitial MnI impurities in GaAs
are metastable, showing that the three distinct positions they
can occupy are two tetrahedral T positions surrounded by
four nearest-neighbor As or Ga atoms �As4 or Ga4�, and one
hexagonal position with three Ga and three As nearest neigh-
bors. Among the three interstitial sites the hexagonal position
is clearly less favorable, especially so in an overall p-type
�Ga,Mn�As material.92 The typical energy barrier for Mn dif-
fusion between interstitial sites is approximately 1 eV.49,92

On the other hand, diffusion of Mn between Ga substitu-

tional positions involves a kick-out mechanism of MnI
+GaGa→MnGa+GaI for which the typical barrier is about 3
eV.42 Interstitial MnI is therefore much more mobile than
substitutional MnGa.

The calculations of the electronic structure and XMCD in
�Ga1−xMnx�As DMSs were performed for a 2a�2a�2a su-
percells of the cubic GaAs unit cell with one of the Ga ions
replaced by Mn. The compositions with x=0.03125 �1/32�,
0.0625 �1/16�, and 0.125 �1/8� were obtained by using a

simple cubic P4̄3m �No. 215�, bcc I4̄3m �No. 217�, and fcc

F4̄3m �No. 216� unit cells, respectively. We investigated also
the influence of an interstitial MnI impurity on the electronic
structure and XMCD spectra by placing an additional Mn ion
in one of the tetrahedral T positions of the simple cubic
64-atom �Ga,Mn�As unit cell. This corresponds to an effec-
tive Mn content of x=0.06 with an equal number of substi-
tutional MnGa and interstitial MnI ions. The calculations were
performed for three different positions of MnI, in which the
interstitial Mn ion was surrounded by a tetrahedron formed
by MnGa and three Ga ions �Mn1Ga3�, four As ions �As4�, or
four Ga ions �Ga4�, with the distances between the substitu-
tional and interstitial Mn ions being 2.448, 4.897, and
7.345 Å, respectively. The positions of a substitutional MnGa
and interstitial MnI ions in �Ga1−xMnx�As with x=0.06 are
illustrated in Fig. 1 for a 64-atom GaAs unit cell. Each MnGa
ion is surrounded by a tetrahedron of four As nearest neigh-
bors �As1� at the same distance of 2.448 Å. The second co-
ordination sphere consists of 12 Ga atoms �Ga2� at the dis-
tance of 3.998 Å.

GaN exists in two crystallographic modifications, namely,
WZ, with space group P63 /mc �No. 186� �Ga ions occupy
the 2b positions x= 1

3 , y= 2
3 , and z=0, and N ions are placed

at the 2b sites x= 1
3 , y= 2

3 , and z=0.377� and ZB type, with

space group F43̄m �No. 216�.81,93 Although the two struc-
tures have different space groups, they are in fact very
similar.93,94 They have the same local tetrahedral environ-
ment and start to differ only in their third-nearest-neighbor
atomic arrangement. The cubic phase is described by its lat-
tice constant aZB. The WZ structure can be characterized by
three structural parameters: aWZ, cWZ, and uWZ. In an ideal
wurtzite structure, one finds aWZ=aZB /
2, �c /a�WZ=
8 /3,

MnGaGa
As
MnI

FIG. 1. �Color online� Schematic representation of the
�Ga1−xMnx�As structure with one substitutional MnGa and one in-
terstitial MnI atom in the unit cell �x=0.06�. The interstitial MnI

atom is shown in the Mn1Ga3 position �see the explanation in the
text�.
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and the internal structure parameter uWZ=0.375. For the real
wurtzite compound such as GaN, due to the lower crystal
symmetry, the N positional parameter uWZ

GaN=0.377 differs
from these ideal values.

The calculations of the electronic structure of the
�Ga1−xMnx�N and �Ga1−xGdx�N DMSs were performed for a
3a�3a�1c supercells of the wurtzite-type GaN unit cell
with one of the Ga ions replaced by Mn or Gd. The supercell
calculations were performed for the composition x
=0.0556�1 /18�, using the simple trigonal P3m1 �No. 156�
space group. For �Ga,Mn�N and �Ga,Gd�N in the zinc-
blende-type crystal structure we perform the calculations for
the x=0.03125 using the same supercells as used for the
�Ga,Mn�As calculations. The substitutional �Ga1−xMnx�N po-
sitions are illustrated in Fig. 2 for a 36-atom GaAs unit cell
containing one substitutional MnGa atom �x=0.0556�. The
MnGa �GdGa� atom has four N nearest neighbors: three N
atoms at the distance of 1.949 Å and one N atom at
1.955 Å. The second-neighbor shell consists of 12 Ga at-
oms: six at 3.180 Å and six at 3.189 Å.

In the �Ga,Mn�As DMSs, interstitial Mn strongly affects
the Curie temperature TC, however, the importance of defects
and their positions depend very much on the host compound.
The significantly smaller volume of GaN than GaAs leaves
little room for Mn �Gd� interstitials whereas the larger
atomic size of As greatly hinders the formation of As split
interstitials. The results of Keavney et al.13 suggest that the
interstitial Mn does not exist in significant quantities in their
�G,Mn�N samples.

IV. RESULTS AND DISCUSSION

A. (Ga,Mn)As DMS

1. Energy band structure

Figure 3 presents total and partial DOS calculated within
LSDA for the 64-atom unit cell of �Ga1−xMnx�As with x
=0.03, i.e., an experimentally accessible Mn concentration.
From the figure it is clear that �Ga1−xMnx�As has the elec-
tronic structure of a half-metal. This result is largely con-
firmed by all density-functional calculations to date using the
LSDA approach.18,95–97 Because of the low Mn content, the
densities of Ga and As states, except for the nearest As1 and
next-nearest Ga2 neighbors of the Mn impurity, are similar to
those calculated for GaAs with the same interatomic dis-
tances. The Mn d states are split by the on-site exchange
interaction into almost completely filled majority-spin and

unoccupied minority-spin states. The crystal field at the Mn
site �Td point symmetry� causes the splitting of d orbitals into
a doublet e �3z2−1 and x2−y2� and a triplet t2 �xy, yz, and
xz�. The majority spin Mn e states are completely filled and
show a sharp DOS peak at −2.4 eV. The Mn t2 states hy-
bridize much stronger with the As p states. The correspond-
ing bonding states span the energy range from −4 to −1.5 eV
whereas the antibonding ones form two DOS peaks just be-
low and exactly at the Fermi level. Although the dominant
contribution to the bands responsible for these DOS peaks is
provided by the majority-spin Mn t2 states and p states of
four nearest As1 ions, the weight of more distant Ga and As
ions in the corresponding wave functions is also substantial.
The unoccupied minority spin Mn e states form almost flat
bands at the very bottom of the conduction band and hybrid-
ize weakly with As and Ga states. Bands formed by the mi-
nority spin Mn t2 states cross the bottom of the conduction
band and produce a double-peak DOS structure at �1.2 eV.
The strong hybridization of the t2 states with the As and Ga p
states is evidenced by a relatively high contribution of the
minority-spin t2 states to the occupied part of the valence
band. The spin splitting of the Ga and As p states is quite
small.

Thus, according to the LSDA results, a Mn ion substituted
for Ga creates one hole in the majority-spin bands while the

Mn
Ga
N

FIG. 2. �Color online� Schematic representation of the
�Ga1−xMnx�N structure for x=0.06 �see text�.
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filling of the minority-spin bands does not change. Because
of the hole, the spin magnetic moment per �Ga,Mn�As unit
cell is reduced from 5�B�S=5 /2�, expected for a Mn2+ ion
with the completely spin-polarized d shell, to 4�B and re-
mains the same up to a Mn content of x=0.125. The integer
value of the magnetic moment is consistent with the half-
metalicity seen in the DOS �Fig. 3�. However, the magnetic
moment of 4�B appears to be smaller than the moment of
�4.4�B found experimentally.58,59,61 Our band-structure cal-
culations produce a spin magnetic moment of 3.751�B at the
MnGa in �Ga1−xMnx�As �x=0.03�. The population of the
majority- and minority-spin Mn d states is 4.467 and 0.836
electronic charges, respectively. The spin magnetic moment
of −0.013�B induced at the first neighbor As1 sites is anti-
parallel to that of Mn. Twelve Ga2 ions forming the second-
neighbor shell are polarized ferromagnetically with a spin
magnetic moment of 0.012�B per Ga. The orbital magnetic
moment at the MnGa site is equal to 0.048�B. The orbital
moments at the Ga and As sites are quite small with the
largest one at the As first neighbor sites �−0.008�B�.

It is well known that at high hole densities, Mn has a
tendency to autocompensate the magnetic moment by occu-
pying donor interstitial sites.49,92 We investigated the influ-
ence of an interstitial MnI impurity on the electronic struc-
ture and magnetic dichroism by placing it in one of three
tetrahedral T positions, surrounded by a MnGa atom and three
Ga atoms �Mn1Ga3�, four As atoms �As4�, or four Ga atoms
�Ga4�, of the 64-atom �Ga,Mn�As unit cell containing one
substitutional MnGa. From total energy calculations we found
that the energy is the lowest when the interstitial Mn ion
occupies the Mn1Ga3 tetrahedral position closest to the sub-
stitutional MnGa and its moment is antiparallel to the MnGa
moment. This is consistent with the experimental measure-
ments of Edmonds et al. �Ref. 59� which present direct evi-
dence for antiferromagnetic coupling between interstitial and
substitutional Mn in unannealed �Ga,Mn�As. The Mn L2,3
x-ray absorption line shapes display no sizeable site or con-
centration dependence but in unannealed �Ga,Mn�As the
XMCD signal is significantly smaller and increases linearly
under high magnetic fields. In contrast, in carefully prepared
and annealed �Ga,Mn�As samples a large dichroism signal
was found, revealing large magnetic moments per Mn atom
and showing that most of the Mn moments are aligned fer-
romagnetically. Before annealing, the XMCD is smaller and
weakly field dependent, demonstrating that a significant frac-
tion of Mn moments are antiferromagnetically coupled. Re-
cently, Takeda et al. �Ref. 68� have investigated the tempera-
ture and magnetic field dependence of soft x-ray magnetic
circular dichroism at the Mn L3 edge. The results suggest
that the interaction between the substitutional and interstitial
MnI ions is antiferromagnetic and that the amount of MnI
affects TC.

Figure 4 presents LSDA densities of d states of the anti-
ferromagnetically coupled substitutional MnGa and intersti-
tial MnI ions in a 64-atom GaAs unit cell �x=0.06�. In order
to demonstrate more clearly the effect of the Mn d-�Ga,As�
pd hybridization the densities of the p and d states of As and
Ga ions nearest to MnGa and MnI �As1 and Ga1, respectively�
are also shown. In the presence of MnI the point symmetry of
both the MnGa and MnI sites lowers to C3v, which causes

additional splitting of the Mn t2 states into a singlet a1 and a
doublet e�. The sum of the DOS projected onto the a1 and e�
states is denoted as t2 in Fig. 4. An interstitial Mn ion acts as
a donor of two s electrons. When, as in the �Ga,Mn�As unit
cell described above, the concentrations of the substitutional
and interstitial Mn impurities are equal, one of the electrons
fills the majority-spin hole in the valence band. Figure 4
shows that the second electron starts to fill the narrow bands
formed by the majority-spin d states of the MnI ion which lie
just below the minority-spin MnGa d bands. As a conse-
quence, the DOS peak formed exactly at �F by strongly hy-
bridized majority-spin MnGa d and As p states �see Fig. 3�,
becomes occupied. The Fermi level shifts upward by
�0.6 eV from its position at the top of the valence band in
the calculation with a single substitutional MnGa impurity
and crosses the very bottom of the GaAs conduction bands.
The majority-spin MnI t2 states are split into two peaks be-
cause of the hybridization with MnGa states via the p states of
the nearest As and Ga neighbors. There is a quite strong peak
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of the majority-spin MnI t2 states in the −0.1 to 0.1 eV en-
ergy range, however, the Fermi level is situated in a local
minimum of the DOS �see the inset at the bottom panel of
Fig. 4�. Another narrow peak of the majority-spin MnI d
states of t2 symmetry is situated around 0.4 eV above the
Fermi energy. The MnI majority d double peak of e symme-
try is situated in the 0.6–0.9 eV energy range above the
Fermi energy. The MnI minority band has almost no d char-
acter above �F.

The Fermi level is situated at a strong PDOS peak of
MnI t2 symmetry �Fig. 4�. This may imply a structural insta-
bility and a lattice distortion which can be induced by it. To
investigate possible lattice distortion we optimized the posi-
tion of the interstitial MnI and the positions of its neighbor
atoms �MGa and three Ga atoms� with fixed positions of the
other atoms using the VASP-SGGA method.98–100 We found
only minor influence of the structure relaxation on the partial
DOS in close vicinity of the Fermi level ��0.1 eV�, further
away from the Fermi level the PDOSs did not change. The
results are shown in the inset at the bottom panel of Fig. 4
�dotted line�. Similar results were obtained during the relax-
ation of the whole �Ga,Mn�As crystal structure �we adjusted
the value of the lattice constant and the positions of all the 64
atoms in the unit cell�. The lattice optimization also did not
affect the XAS and XMCD spectra which are extended in a
wide energy interval.

The magnetic moment per �Ga,Mn�As unit cell with an
additional MnI atom is strongly reduced to 0.994�B due to
the antiparallel alignment of the MnI and MnGa moments. It
should be noticed that in the calculations presented in Fig. 4
an equal number of substitutional and interstitial Mn ions is
assumed, which strongly overestimates the typical experi-
mental situation.3 For a more realistic ratio of MnI to MnGa
concentrations one would expect a much weaker compensa-
tion of the MnGa spin moment by MnI and a smaller shift of
the Fermi level. Experimentally, an apparent “magnetization
deficit” of more than 50% �i.e., ��2.5�B /Mn� has been
observed using superconducting quantum interference device
magnetometry.4 Understanding and minimizing this effect is
vital since incomplete participation in the ferromagnetism
will limit the Curie temperature.

2. XMCD spectra at the L2,3 edges

X-ray absorption spectra and x-ray magnetic circular di-
chroism at the L2,3 edges of impurity Mn ions in �Ga,Mn�As
DMS were measured by several groups.54,55,57–60,62–68 Fig-
ures 5�a� and 5�b� present experimental XAS and XMCD
spectra57 of �Ga,Mn�As at the Mn L2,3 edges together with
the spectra calculated in the LSDA. The theory reproduces
reasonably well the experimental Mn L2,3 XAS. The main
maximum of the Mn L3 XAS can be attributed to the transi-
tions from 2p core level to the empty minority-spin d states
of e symmetry. A high-energy shoulder shifted upward by
about 1 eV with respect to the main maximum is from the
2p→ t2 transitions. The next high-energy shoulder at around
640.5 eV reflects the corresponding peak in the Mn d DOS
arising from the Mn d-As p hybridization. The experimental
Mn XAS has a double-peak structure at the L2 edge with
almost equal intensity. The theory also produces a two-peak

structure but with smaller intensity for the high-energy peak.
Both the L2 and L3 XAS reflects the energy distribution of
empty Mn d states but it is not clear why Mn L2 and L3
XASs have so different shapes.

The LSDA calculations reproduce all fine structures of the
experimental Mn L2,3 XMCD spectra quite well except for
the low-energy positive peak at around 636 eV �Fig. 5�b��.
This structure is due to transitions from the 2p core level to
partially filled majority-spin MnI d states of the t2 symmetry
situated at the Fermi level �see Fig. 4�. The theory strongly
overestimates the intensity of the peak. It may be explain by
the fact that the calculations presented in Fig. 5 have been
done for a 50% concentration of the interstitial MnI atoms
while the typical concentration of the interstitial Mn atoms is
usually at least ten times smaller.3 One would expect strong
suppression of the peak with smaller MnI concentration. The
shapes of the MnGa XMCD spectra at the L2,3 edges with and
without additional interstitial MnI ion are almost the same.

Angle-dependent x-ray magnetic Mn L2,3 circular and lin-
ear dichroism from �Ga,Mn�As were measured by Edmonds
et al. �Ref. 62� and Freeman et al. �Ref. 63�, respectively. In
contrast to a marginal anisotropy in the XMCD, giant aniso-
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tropy in the linear dichroism was found. We also found very
small anisotropy for the x-ray magnetic circular dichroism at
the Mn L2,3 edges. The anisotropy in the linear dichroism
appears to be even larger than experimentally observed �see
Figs. 5�c� and 5�d��. Neither the magnitude nor the strong
angular dependence of the calculated XMLD spectra is af-
fected if the SO coupling strength is set to zero for all va-
lence states. If, however, the exchange splitting of the
Mn 2p1/2,3/2 core states is neglected, the magnitude of the
XMLD becomes 30 times smaller but the spectra still exhibit
strong dependence on the magnetization direction. When, ad-
ditionally, the SO coupling of the valence states is switched
off, the linear dichroism disappears completely. In contrast to
XMLD, the magnitude of the calculated Mn L2,3 XMCD
spectra is not affected by the splitting of the Mn 2p1/2,3/2
states, although their spectral shape changes somewhat when
the splitting is not taken into account.

Qualitative understanding of the huge magnetic linear di-
chroism at the Mn L2,3 edges is provided by an analysis of
the matrix elements for transitions from the SO split 2p1/2
and 2p3/2 states to the spin- and crystal-field split 3d states.
XMLD is proportional to the difference in the absorption
coefficients �� and �� for x-rays with the polarization par-
allel and perpendicular to the magnetization direction. The
x-ray transition-matrix elements obey the dipolar selection
rules on the angular momentum quantum numbers j ,mj of
the initial and final states such that �mj = �1 or �mj =0 and
�j=0, �1. To �� only transitions with �mj = �1 contribute
whereas to �� only �mj =0 transitions contribute. The
XMLD is thus the intensity difference between the resonant
transitions with �mj =0 and the averaged �mj = �1 transi-
tions whereas the XMCD relates to the difference between
the �mj =+1 and �mj =−1 transitions.

Tables I and II present squared angular-matrix elements
��

2 and ��
2 = ��+

2 +�−
2� /2 for dipole-allowed transitions from


jmj� core states with different projection of the total angular
momentum mj to majority- and minority-spin d cubic har-
monics at the L2 and L3 edges, respectively. Although the
spin-dependent part Vsp of the exchange-correlation potential
mixes core states with j= l�1 /2 and j is no longer a good
quantum number, the admixture of the mj state with j�=2l
− j to the core wave function of a 2p state of a transition-
metal ion is very weak and is neglected here. It is easy to see
that each pair of initial and final states gives a nonzero con-
tribution ��

2−��
2 to the linear dichroism. Moreover, the sum

of the probabilities of transitions from an initial state with a
given mj to degenerate t2 �dxy, dyz, and dzx� and e �d3z2−1 and
dx2−y2� final states, denoted in Tables I and II as �t2

and �e,
still produces strong linear dichroism, with the contributions
of the transitions to e and t2 states being of opposite signs.
The probabilities to absorb photons with E �M and E�M
become equal, only when the initial core states are degener-
ate and the sum over mj is taken.

In �Ga,Mn�As, however, the exchange splitting within the
Mn 2p1/2 and 2p3/2 subshells is about 0.4 eV, which is larger
than the widths of unoccupied minority-spin e��0.15 eV�
and t2��0.2 eV� states �see Fig. 3�. Transitions from each

jmj� core state to the e and t2 states produce two XMLD
peaks of opposite signs. The sum of these two-peak contri-
butions, shifted by �0.4 eV each, gives the XMLD spec-
trum shown in Fig. 5�a�. If the splitting of the Mn 2p1/2,3/2
states is neglected, the contributions to XMLD coming from
initial states with different mj cancel each other and much
weaker calculated XMLD appears because of the lifting of
the degeneracy of the e and t2 states by the SO interaction.
The strong dependence of the Mn L2,3 XMLD on the mag-
netization direction can be explained by taking into account
the transformations of the d cubic harmonics to a new frame
with z� �M as was shown in Ref. 69. The XMLD is propor-
tional to a combination of individual partial densities of

TABLE I. Squared angular matrix elements ��
2 and ��

2 �multiplied by 90� for dipole allowed transitions
at the L2 edge from initial core states with different projections mj of the total angular momentum j=1 /2 to
majority- and minority-spin d cubic harmonics.

��
2 ��

2

− 1
2

1
2 �mj

− 1
2

1
2 �mj

dyz
↑ 3 0 3 0 6 6

dzx
↑ 3 0 3 0 6 6

dxy
↑ 0 6 6 0 0 0

�t2
6 6 12 0 12 12

d3z2−1
↑ 0 2 2 8 0 8

dx2−y2
↑ 0 6 6 0 0 0

�e 0 8 8 8 0 8

dyz
↓ 0 3 3 6 0 6

dzx
↓ 0 3 3 6 0 6

dxy
↓ 6 0 6 0 0 0

�t2
6 6 12 12 0 12

d3z2−1
↓ 2 0 2 0 8 8

dx2−y2
↓ 6 0 6 0 0 0

�e 8 0 8 0 8 8
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states, which is not invariant under a change in the quantiza-
tion axis. Consequently, the XMLD anisotropy exists already
when the valence-band spin-orbit coupling is neglected. On
the other hand, the XAS and XMCD are proportional to the
traces of the d density matrices,69 therefore they are isotropic
with regard to the orientation of the magnetization to the
crystallographic axes.

Finally, if, as in �Ga,Mn�N DMS with the wurtzite struc-
ture, the degeneracy of the Mn e and t2 states is lifted due to
lowering of crystal symmetry, contributions to linear dichro-
ism from transitions to individual d states do not cancel each
other even after summation over mj, ��mj

���
2 −��

2��0 in
Tables I and II�. In this case strong XLD at the L2,3 edges can
be observed even for a nonmagnetic 3d impurity.

The XAS and XMCD spectra in the �Ga,Mn�As DMS at
the As L3 and Ga L2,3 edges were measured by Keavney et
al. �Ref. 57�. From the signs of the L3 XMCD lowest-energy
features the authors concluded that Ga spin magnetic mo-
ment is antiparallel to that of the As and parallel to Mn. This
is in agreement with our band-structure calculations. The As
atoms occupy the first neighbor positions around substituted
MnGa. On the other hand, the interstitial MnI atoms are situ-
ated preferably at the Mn1Ga3 tetrahedral positions with one
MnGa and three Ga atoms as the first neighbors. For this
reason one would expect less influence of the interstitial MnI
atoms on the As XMCD spectra than on the Ga ones. Indeed,
as may be seen in Fig. 6, the calculation for a 64-atom GaAs
unit cell containing only one MnGa substitution reproduces
quite well the XAS and XMCD spectra. There is only a small
disagreement in the relative intensities of the first and the
second low-energy peaks of the XAS and in the energy po-
sition of the XMCD high-energy peaks in the 1329–1332 eV
energy range.

Figure 7 presents theoretical and experimental XAS and
XMCD spectra at the Ga L3 edge. The theoretically calcu-

lated XAS spectrum with only one MnGa atom in the 64-
atom GaAs unit cell �full line� agrees well with the experi-
mental measurements.57 For the Ga L3 XMCD spectrum the
calculation without the interstitial MnI ion reproduces rea-
sonably well low-energy positive structure at 1115 eV but
underestimates the intensity of the second negative peak at
around 1116 eV. The incorporation in the theory the MnI
atom in the Mn1Ga3 interstitial position slightly improves
agreement with the experiment for high-energy part of the
spectrum above 1118 eV but still does not reproduce nega-
tive major peak at the 1116 eV. It is interesting to note that

TABLE II. Squared angular matrix elements ��
2 and ��

2 �multiplied by 90� for dipole allowed transitions at the L3 edge from initial core
states with different projections mj of the total angular momentum j=3 /2 to majority- and minority-spin d cubic harmonics.


f�

��
2 ��

2

− 3
2 − 1

2
1
2

3
2 �mj

− 3
2 − 1

2
1
2

3
2 �mj

dyz
↑ 0 6 0 0 6 9 0 3 0 12

dzx
↑ 0 6 0 0 6 9 0 3 0 12

dxy
↑ 9 0 3 0 12 0 0 0 0 0

�t2
9 12 3 0 24 18 0 6 0 24

d3z2−1
↑ 3 0 1 0 4 0 16 0 0 16

dx2−y2
↑ 9 0 3 0 12 0 0 0 0 0

�e 12 0 4 0 16 0 16 0 0 16

dyz
↓ 0 0 6 0 6 0 3 0 9 12

dzx
↓ 0 0 6 0 6 0 3 0 9 12

dxy
↓ 0 3 0 9 12 0 0 0 0 0

�t2
0 3 12 9 24 0 6 0 18 24

d3z2−1
↓ 0 1 0 3 4 0 0 16 0 16

dx2−y2
↓ 0 3 0 9 12 0 0 0 0 0

�e 0 4 0 12 16 0 0 16 0 16
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this peak appears under assumption of the ferromagnetic
alignment of MnGa and MnI moments �dotted line�. We
present in Fig. 7 only the L3 XAS and XMCD spectra. Simi-
lar results were obtained also for the spectra at the Ga L2
edge, where the sign of the XMCD signal is opposite to the
L3 one.

3. XMCD spectra at the K edges

The XAS and XMCD spectra in metals and alloys at the
K edge in which the 1s core electrons are excited to p states
through the dipolar transition are quite important. They are
sensitive to the electronic states at neighboring sites because
of the delocalized nature of the p states. It has been docu-
mented that sizable XMCD signals can be detected at the K
edge of nonmagnetic atoms, such as sulfur, oxygen, and ni-
trogen in ferromagnetic EuS,101 EuO,102 and GdN.103,104

The XMCD at the Mn K edge in the �Ga,Mn�As DMS
was measured in an external magnetic field of �2 T by
Freeman et al. �Ref. 66�. Figure 8 shows the Mn K XMCD
spectrum calculated in the LSDA approach together with the
experimental data.66 The prominent part of the Mn XMCD
consists of a double-peak structure �A and B� with a splitting
of 1.4 eV and smaller positive fine structure �C� at around 6
eV above the Fermi level. As may be seen from the upper
panel of Fig. 8 the theory fails to reproduce the experimen-
tally measured spectrum with either a single substitutional
MnGa in the 64-atom GaAs unit cell or with an additional
interstitial MnI atom in the Mn1Ga3 position. For the single
substitutional atom the theory strongly overestimates the in-
tensity of the first low-energy peak A while in the latter case
the theory does not produce the peak A at all. However, the
third peak C is well reproduced in both these cases.

Freeman et al. �Ref. 66� associated the first low-energy
peak A with the electric quadrupole 1s→3d transitions. We
checked this possibility by calculating the electric quadru-
pole E2 and magnetic dipole M1 transitions for the Mn K
XAS and XMCD spectra. We found that the M1 transitions
are extremely small in comparison with the E2 transitions
and can be neglected. The E2 transitions are much weaker
than the electric-dipole transitions E1 and they are almost
invisible in the XAS. The intensity of the quadrupole E2
transitions does not exceed 1% in the whole energy range of
the XMCD spectrum. We also investigated the core-hole ef-
fect on the final states. When the 1s core electron is photo-
excited to the unoccupied p states, the charge distribution
changes in order to screen the created hole. We found that
the final-state interaction has a minor influence on the shape
of the Mn K XMCD spectrum. The influence of electronic
correlations on the Mn K XMCD spectrum was investigated
within the rotationally invariant LSDA+U approach86 with
U applied only to the Mn d states. Its main effect is to in-
crease the splitting between the occupied majority- and un-
occupied minority-spin Mn states. This causes some increase
in the Mn spin magnetic moment from the LSDA value of
3.751�B–4.269�B. However, the intensity of the A peak
changes very little �not shown�.

To analyze the situation in more details we present in Fig.
9 the density of Mn p states calculated within the LSDA for
the 64-atom GaAs unit cell at the MnGa site with only one
substituted Mn atom �a� and with an additional Mn intersti-
tial at the Mn1Ga3 site for the MnGa �b�, and MnI �c� sites.
From the top panel of Fig. 9 we may conclude that the con-
tribution to the prominent peak A comes from the transitions
from the 1s core level to the Np�E� peak situated at the Fermi
level. The second prominent peak B arises from the transi-
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panel: Mn K XMCD experimental spectrum �Ref. 66� �circles� and
theoretical calculations with one substituted MnGa atom with artifi-
cially shifted Fermi level.

ANTONOV, YARESKO, AND JEPSEN PHYSICAL REVIEW B 81, 075209 �2010�

075209-10



tions to the minority p DOS at 1.4 eV above the Fermi level.
By comparing the top and the middle panels in Fig. 9 we
may conclude that the donor MnI interstitial atom shifts the
Fermi energy upward by approximately 0.6 eV. The promi-
nent peak at the Fermi level become fully occupied and lies
far below the Fermi level. As a result, the specific transitions
do not take place at small photon energies anymore and the
peak structure A disappears from the calculated XMCD spec-
trum.

As we already discussed above, the calculations with one
MnI atom in the unit cell correspond to a 50% concentration
of the interstitial atoms and greatly overestimate the typical
experimental concentrations. One would expect much
smaller shift of the Fermi level for realistic concentrations of
MnI. To calculate the band structure of the �Ga,Mn�As DMS
for a realistic concentration of the interstitial atoms �1–5 %�
one has to construct an enormously large supercells which
exceeds our present ability. Therefore to model small con-
centration of the interstitial atoms we use the rigid-band ap-
proximation by shifting artificially the Fermi level upward.
As may be seen from the bottom panel of Fig. 8 the intensity
of the prominent peak A rapidly decreases with increasing �F
and actually disappears for ��F=+0.26 eV when all the
Mn p states closed to the Fermi level became fully occupied.

It is worthwhile comparing the energy distribution of the
Mn 3d �Figs. 3 and 4� with the p �Fig. 9� partial DOSs. In
the case of a single MnGa atom in the unit cell the Mn 3d
partial DOS has a relatively small peak of the majority spin

t2 states at the Fermi level and two strong minority-spin
peaks of e and t2 symmetry above the Fermi energy. On the
other hand, the p DOS in this case has quite a large peak at
the Fermi level and only one strong minority unoccupied
peak as a result of t2-p hybridization. The corresponding
partial DOSs for the MnI atom are also quite different: the
Mn 3d partial DOS has a strong narrow peak right at the
Fermi energy in the spin-up channel but there is no such a
peak in the p states. The different energy distributions of the
Mn 3d and p partial DOSs play essential role in the different
shapes of the Mn K and L2,3 XMCD spectra. Besides, the K
and L2,3 XMCD spectra are determined by different interac-
tions. The XMCD spectra at the L2,3 edges are mostly deter-
mined by the strength of the SO coupling of the initial 2p
core states and spin polarization of the final empty 3d3/2,5/2
states while the exchange splitting of the 2p core states as
well as the SO coupling of the 3d valence states are less
important.105 However, the SO coupling and the exchange
splitting of the final p states is mostly responsible for the
observed dichroism at the Mn, As, and Ga K edges because
the exchange splitting of the initial 1s-core state is extremely
small. Actually a XMCD K spectrum reflects the orbital po-
larization of the p states in differential form d�lz� /dE.106,107

We calculated the site-dependent function dmtl�E�
=�nk�
tl

nk
l̂z

tl
nk���E−Enk�,108 where l̂z is the z—projection

of the angular momentum operator, Enk and 
tl
nk are the en-

ergy of the nth band and the part of the corresponding
LMTO wave function formed by the states with the angular
momentum l inside the atomic sphere centered at the site t,
respectively. In analogy with the l-projected density of states,
dmtl�E� may be referred to as the site and l projected density

of the expectation value of l̂z. This quantity has a purely
relativistic origin and when the SO interaction is equal to
zero dmtl�E�	0. The orbital moment Ml at the site t is given
by Mtl�E�=�Eb

EFdmtl�E�dE, where Eb is the bottom of the va-
lence band. As may be seen in the top panel of Fig. 10 the K
XMCD spectrum and dmtl�E� function are indeed closely
related to one another giving a rather simple and straightfor-
ward interpretation of the XMCD spectra at the K edge.

We have studied the influence of the SO coupling and the
exchange splitting on the Mn K XMCD spectrum by scaling
the corresponding terms in the Hamiltonian artificially with a
constant prefactor. This was done in a nonself-consistent
way, i.e., after self-consistency had been achieved, only one
iteration was performed with the modified Hamiltonian.
From the resulting band structure the XMCD spectra were
then computed. These modifications can in addition be done
atom dependent, i.e., within each atomic sphere so that one
can investigate the separate effects of these quantities on Mn,
As, and Ga.

The outcomes of these model calculations for the Mn K
XMCD spectrum of �Ga,Mn�As are shown in Fig. 10. In the
middle panel, the importance of the exchange splitting is
illustrated. As expected when the exchange splitting on As or
Ga is set to zero, the dichroism changes very little. But when
the exchange splitting on Mn is set to zero the XMCD van-
ishes nearly completely. This implies that the exchange split-
ting due to Mn is crucial for the sizeable dichroism at the
Mn K edge but that of As and Ga is unimportant.
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The bottom panel of Fig. 10 shows the XMCD depen-
dence on the SO coupling. If we set the SO coupling on Ga
to zero, the XMCD spectrum does not change �dashed line�.
When the SO coupling on Mn is zero, the high-energy peak
B completely disappears �dotted line�. On the other hand, if
we set the SO coupling on As to zero, the peak B does not
change, however, the peak A is strongly reduced. Thus, the
SO coupling of Mn is responsible for the large dichroism in
the peak B while the SO of As produces the large circular
dichroism near the Mn K edge �peak A�. The exchange split-
ting of Mn is mostly responsible for the dichroism signal in
both the peaks.

The XMCD at the Ga and As K edges in the �Ga,Mn�As
DMS were investigated experimentally by Freeman et al.
�Ref. 66�. A clear dichroism was observed at the onset of the
As absorption edge. The dichroism at the Ga K edge was
found to be much weaker and scarcely visible above the
noise level. Figure 11 �top panel� shows the isotropic x-ray
absorption spectrum of As at the K edge calculated in the
LSDA approach together with the experimental data.66 There
is some small disagreement in the relative intensities of the
fine structures in the region of the major x-ray absorption.

The theory also shows more pronounced fine structures for
As XAS spectrum above 10 eV.

The LSDA calculations describe reasonably well the
shape of the As K XMCD spectrum �bottom panel of Fig.
11�. However, the theory places the major XMCD peak right
at the K edge. The experimentally measured As K spectrum
has a shoulder at the edge with the major peak shifted up-
ward by around 1.4 eV. There is also an additional high-
energy shoulder at around 5 eV above the edge. The origin of
such a disagreement has the same nature as described above
in connection with the Mn K XMCD spectrum. The exis-
tence of additional impurity donor MnI atoms shifts the
Fermi level upward. Figure 11 presents the As K XMCD
spectrum with the Fermi energy shifted by 0.19 eV. In the
latter case the intensity of the peak at the K edge is reduced
and the second structure at higher energy appears. The ex-
planation presented here has only qualitative character and
for a quantitative examination one should prepare the super-
cell calculations for a realistic concentration of the MnI at-
oms.

We have also studied the influence of the SO coupling and
the exchange splitting on the As K XMCD spectrum. The top
panel of Fig. 12 illustrates the importance of the exchange
splitting. When the exchange splitting on As or Ga is set to
zero, the dichroism hardly changes. But when the exchange
splitting on Mn is set to zero the XMCD almost vanishes.
This implies that the exchange splitting at Mn site is crucial
for a sizeable dichroism at the As K edge due to the
Mn 3d-As 4p hybridization.

The bottom panel of Fig. 12 shows the dependence of the
As K XMCD on the SO coupling. If we set the SO coupling
on Ga or Mn to zero, the XMCD spectrum hardly changes
�dashed and dotted lines, respectively�. When the SO cou-
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pling on As is zero, the dichroism almost vanishes �full line�.
This indicates that the SO interaction in the 4p states and the
exchange splitting at Mn site are responsible for the large
dichroism at the As K edge.

B. (GaMn)N DMS

1. Energy band structure

Figure 13 presents total and partial density of states for a
36-atom GaN wurtzite unit cell containing one MnGa substi-
tution �x=0.06� in the LSDA. The �Ga,Mn�N DMS has the
electronic structure of a half-metal with the energy gap in the
minority spin channel. The N s states are located mostly be-
tween −16.9 and −13.9 eV below the Fermi level and the s
states of the Ga are situated between −8 eV and −6 eV. The
p states of Ga and N strongly overlap and occupy the −8.3 to
−1.3 eV energy range. The spin splitting of the Ga and N p
states is quite small.

The crystal field at the MnGa site �C3v point symmetry�
causes the splitting of Mn d orbitals into a singlet a1�3z2

−1� and two doublets e �xy and x2−y2� and e1 �yz and xz�.
The majority-spin Mn a1 narrow peak is situated in close
vicinity to the Fermi energy �see insert in the bottom panel of
Fig. 13�, the corresponding minority DOSs are between 2
and 2.2 eV above the Fermi level. The electronic states of e
symmetry ranges from −1.45 to −1.0 and 1.15 to 1.45 eV for
majority and minority spins, respectively. The hole states just
above the Fermi level up to 0.3 eV for spin-up are due to the
e states. There is a strong hybridization between Mn 3d and
N 2p states at the top of the valence band.

The magnetic moment in the �Ga,Mn�N unit cell is equal
to 4�B an integer consistent with the half-metalicity seen in

the DOS. Our band-structure calculations produce the spin
magnetic moment of 3.466�B at the MnGa in the
�Ga1−xMnx�N �x=0.06�. The induced magnetic moments at
the N first-neighbor sites are parallel to that of the Mn ions
�with spin magnetic moments about 0.042�B and 0.064�B
for longer and shorter distant N atoms, respectively�. Twelve
Ga ions in the second-neighbor shell couple ferromagneti-
cally to the substituted Mn ion with spin magnetic moments
from 0.013�B to 0.019�B. The orbital moments at the Ga
and N sites are small with the largest one at the N first-
neighbor sites �0.005�B�. The orbital magnetic moment at
the MnGa site is equal to −0.040�B and antiparallel to the
spin moment. This observation is in contrast with �Ga,Mn�As
for which a small positive Mn orbital moment was obtained
�see �.

2. XMCD spectra

The x-ray absorption and x-ray magnetic circular and lin-
ear dichroism of the dilute magnetic semiconductor
�Ga,Mn�N at the Ga and Mn K edges have been investigated
by Sarigiannidou et al. �Refs. 15 and 70�. Figure 14 shows
x-ray absorption spectra recorded for two orthogonal polar-
izations at the Ga K edge and their difference �XLD�, for
�Ga,Mn�N with 6.3% Mn in comparison with the theoretical
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LSDA calculations. The theory reproduces the shape of XAS
and XLD spectra very well. There is small disagreement be-
tween the theory and the experiment in the relative intensi-
ties of the prominent peaks of the x-ray absorption spectra.
Also, the theoretically calculated high-energy peak in the
XLD spectrum at around 10 395 eV is slightly shifted to
higher energies in comparison with the measurement.

Figure 15 presents the theoretically calculated isotropic
XAS as well as XMCD spectra of �Ga,Mn�N at the Mn K
edge in comparison with the experiment by Sarigiannidou et
al. �Ref. 15�. The theory correctly describes the energy posi-
tion and relative intensities of all the fine structure in the
x-ray emission spectrum including the two low-energy peaks
near the edge. The experimentally measured Mn K XMCD
spectrum has a very intense signal �1.6% with respect to the
step at the edge� in close vicinity to the edge. The theory
reproduces the major negative peak near the edge well but
slightly underestimates the second positive peak at about
6540 eV. The agreement between the theory and the experi-
ment for the XLD spectrum at the Mn K edge is also quite
good �Fig. 15�. The oscillatory behavior of the high-energy
part of the theoretical XLD and XMCD spectra at the Mn K
edge could possibly be damped by quasiparticle lifetime ef-
fects, which is not taken into account in our calculations.

The XAS and XMCD spectra of the �Ga,Mn�N DMS at
the Mn L2,3 edges were measured by Freeman et al.71 and

Kevney et al. �Ref. 13�. Freeman et al.71 measured two
wurtzite and two zinc-blende �Ga,Mn�N samples using both
fluorescent yield and total electron yield detection modes. It
should be noticed that FY gives increased sensitivity to the
bulk of the layers �probing depth is �10–100 nm, compared
to �3 nm for TEY� but is prone to saturation effects due to
the comparable mean-free paths of incoming and outgoing
photons. This can lead to distortion of the spectra by sup-
pression of the most intense peaks.71 The Mn flux used dur-
ing growth by Freeman et al.71 corresponds to a 2–3 % Mn
content, which was the same for all samples. However, the
Mn incorporation may not be the same for the different host
structure types, and the XA spectra for the wurtzite samples
give a higher integrated intensity than the zinc-blende
samples �up to twice as large�, indicating a greater amount of
incorporated Mn atoms. For all samples studied, the XMCD
L3 peak is found to be split into two components, the lower
energy peak �denoted A� and the higher-energy peak �de-
noted B�, separated by about 0.85 eV. The relative intensities
of each peak vary from sample to sample. Zinc-blende
samples produce a more pronounce double-peak structure
than wurtzite samples.

In Ref. 13, peaks A and B were ascribed to isolated sub-
stitutional Mn2+ and to Mn2+ neighboring an interstitial N
ion, respectively. Freeman et al.71 suggest that peak A is
associated with bulk Mn2+ states �d5 configuration� and peak
B to Mn surface states with the configuration between d5 and
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d4. Indeed, the comparison of the measured spectra to atomic
multiplet calculations71 reveals that the shift of 0.85 eV be-
tween the two peaks corresponds to roughly half that ex-
pected between atomic d4 and d5 configurations. Moreover,
the calculated multiplet structure for d4 Mn does not fully
agree with the experimental spectrum. Therefore they asso-
ciate peak B to some hybridized d4-d5 states.

From the itinerant band-structure picture we may suggest
a simpler and more straightforward explanation of the peaks
A and B. Figure 16 shows the isotropic x-ray absorption and
XMCD spectra of Mn at the L2,3 edges calculated in the
LSDA approach together with the experimental data for the
wurtzite structure. The theory produces a double-peak struc-
ture for the Mn L2,3 XAS and XMCD spectra both in the
wurtzite and zinc-blende �not shown� structures. The peak A
arises from 2p→e transitions in both the structures. The
peak B is due to 2p→ t2 and 2p→ �a1 ,e1� transitions for the
wurtzite and cubic zinc-blende structures, respectively. In
agreement with the experiments,71 we found a more pro-
nounced double-peak structure in the XAS and XMCD
Mn L3 spectra for the cubic zinc-blende structure �x=0.03�
than for the wurtzite structure �x=0.06� due to higher crystal
symmetry and lower concentration of MnGa atoms in the
former case.

C. (Ga,Gd)N DMS

1. Energy band structure

Figure 17 presents partial density of states for a 36-atom
GaN wurtzite unit cell containing one GdGa substitution �x

=0.06� in the LSDA and LSDA+U approximations. The
�Ga,Gd�N is a semiconductor with the energy gap of about
1.25 eV. The minority 4f states overlap with the Ga and N p
states from 4.4 to 5.3 eV above the Fermi level. In the
LSDA+U calculations the Coulomb Uef f applied to the 4f
states increases the splitting between the occupied majority-
and unoccupied minority-spin Gd states. This causes a small
increase in the Gd spin magnetic moment from the LSDA
value of 6.605�B–6.861�B. The occupied LSDA+U major-
ity Gd 4f states became much broader due to the overlap and
hybridization with the Gd 5d states. However, the minority
empty 4f states did almost not change only shifted upward
by 0.9 eV. We found a quite small Gd 4f-5d hybridization
above the Fermi level.

2. XMCD spectra

The XLD in �Ga,Gd�N DMSs at the Ga K and Gd L3
edges have been measured by Martinez-Criado et al. �Ref.
72� and Ney et al. �Ref. 73�. The XMCD spectra at the Gd L3
edge was also detected by Ney et al. �Ref. 73�.

Figure 18 shows x-ray absorption spectra for two orthogo-
nal polarizations, and their difference �XLD�, at the Ga K
edge for �Ga,Gd�N DMS in comparison with the theoretical
calculations in the LSDA and LSDA+U approximations.
The LSDA and LSDA+U Ga K spectra are almost identical
due to the small hybridization between empty Gd 4f and 5p
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valence states. The spectral shape of the Ga K XAS and
XLD spectra is very similar to that observed in the
�Ga,Mn�N DMS �compare Figs. 14 and 18�. In both cases the
theory reproduces the spectra quite well with slightly better
agreement with the measured spectra for the �Ga,Mn�N
DMS.

Figure 19 shows x-ray absorption spectra as well as XLD
and XMCD spectra at the Gd L3 edge for �Ga,Gd�N in com-
parison with the theoretical calculations in the LSDA and
LSDA+U approximations. The theory reproduces the ex-
perimentally measured XLD spectrum at the Gd L3 edge
well. In the case of the XMCD spectrum the theory overes-
timates the low-energy shoulder near the edge at around
7241 eV. The LSDA and LSDA+U approximations produce
similar results indicating that the spectral shape of the XAS
and dichroism spectra only depend weakly on the energy
position of the Gd 4f states due to the small hybridization
between empty Gd 4f and 5d states.

Figure 20 presents theoretically calculated XLD and
XMCD spectra at the N K edge for the �Ga,Mn�N and
�Ga,Gd�N DMSs. We predict a quite large linear and circular
dichroism at the N K edge. The XLD spectra have compli-
cated spectral shape in both the �Ga,Mn�N and �Ga,Gd�N
DMSs. The linear dichroism is one order of magnitude larger
than the circular one. Circular dichroism was found to be

much larger in the Mn-substituted GaN than in the Gd-
substituted one. We calculated the K XMCD spectrum at the
N site with turned off spin-orbit interaction �SOI� separately
on the N 2p states and at the Mn site. We found that the K
XMCD spectrum is slightly changed when the SOI on the N
site is turned off while the spectrum almost disappears �in-
tensity reduced almost 2 order of magnitude� when the SOI
on the Mn site is turned off. This indicates that the SOI on
the Mn site is influencing the orbital mixture of N 2p states
through the N 2p-Mn 3d hybridization. A similar situation
was found in �Ga,Gd�N where the N 2p-Gd 4f hybridization
plays a crucial role for the N K edge XMCD. Both the cases
differ from �Ga,Mn�As DMS where the SO interaction in the
As 4p states together with the exchange splitting at Mn site
play a major role for the circular dichroism at the As K edge
�see Sec. III�. The experimental measurements of the XLD
and XMCD spectra in the Mn- and Gd-substituted GaN at
the N K edge would be highly desirable.

V. SUMMARY

We have studied the electronic structure and x-ray mag-
netic circular and linear dichroism of the �Ga,Mn�As-,
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�Ga,Mn�N-, and �Ga,Gd�N-diluted magnetic semiconductors
by means of ab initio fully-relativistic spin-polarized Dirac
linear muffin-tin orbital method in the framework of the
LSDA and LSDA+U approximations. The absorption and
the dichroism spectra at the Mn, As, Ga, and N K and Gd,
Mn, As, and Ga L2,3 edges were investigated.

At high hole densities, Mn has a tendency to autocompen-
sate by occupying donor interstitial sites. From total energy
band-structure calculations we found that the lowest energy
has the configuration with MnI ions occupying the tetragonal
positions surrounded by three Ga and one MnGa near neigh-
bor. The MnI is antiferromagnetically coupled with the MnGa
ion.

The theory reproduces the shape and energy positions of
major fine structures of the Mn XASs and XMCD spectra at
the L2,3 edges in �Ga,Mn�As DMS reasonably well. However
it does not produce the low-energy positive peak at around
636 eV. This structure was found to be due to interband
transitions from the 2p core level to the 3d majority empty
state of t2 symmetry situated at the Fermi level at the MnI
site. We found quite small anisotropy for the x-ray magnetic
circular dichroism and giant anisotropy for the linear dichro-
ism at the Mn L2,3 edges in agreement with the measure-
ments by Edmonds et al. �Ref. 62� and Freeman et al. �Ref.

63�. We show that the exchange splitting of the initial
Mn 2p1/2,3/2 core levels is responsible for the huge XMLD at
the Mn L2,3 edges and its strong angular dependence.

The prominent part of the Mn K XMCD spectrum in the
�Ga,Mn�As DMS consists of a double-peak structure �A and
B� with a splitting of 1.4 eV. We found that the SO coupling
of Mn is responsible for the large dichroism in peak B and
the SO of As produces the large circular dichroism near the
Mn K edge �peak A�. The exchange splitting of Mn is to the
greatest extent responsible for the dichroism signal in both
peaks. We found that the core-hole effect in the final states
and quadrupole E2 transitions has a minor influence on the
shape of the Mn K XMCD spectrum. The shape of the Mn
and As K XMCD spectra might be explain only taking into
account the existence of the interstitial MnI atoms. The ex-
change splitting at the Mn site and the SO interaction at the
As site responsible for large x-ray circular dichroism at the
As K edge.

The LSDA calculations produce a double-peak structure
of the Mn L2,3 XAS and XMCD spectra of the �Ga,Mn�N
DMS both in the wurtzite and zinc-blende-type structures.
Peak A arises from 2p→e transitions in both the structures.
Peak B is due to the 2p→ t2 and 2p→ �a1 ,e1� transitions for
wurtzite and cubic zinc-blende structures, respectively. We
found a small hybridization between empty Gd 4f and 5d
states in the �Ga,Mn�N DMS, for this reason the XAS, XLD,
and XMCD spectra at the Gd L3 edge are very similar in the
LSDA and LSDA+U calculations.

The theoretically calculated linear and circular dichroism
at the N K edge are significant. The circular dichroism was
found to be much larger in the Mn-substituted GaN than in
the Gd-substituted one. The N 2p-Mn 3d hybridization in the
�Ga,Mn�N and N N 2p-Gd 4f one in the �Ga,Gd�N DMSs
play a crucial role for the N K edge XMCD dichroism but
minor role of the SO interaction in the N 2p states.
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