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Electronic and magnetic properties of GaInN solid solutions doped
with chromium and hydrogen impurities have been calculated with
the use of the Green’s function method. The obtained partial and
total spin-polarized densities of states (DOS) point to a fundamen-
tal restructuring of the electronic structure in the crystals, which
is induced by Cr substitutional and hydrogen interstitial impurity
atoms. The changes are associated with the appearance of narrow
hybridized states with s-, p-, and d-symmetries in the energy gap,
which are absent from GaInN solid solutions.

1. Introduction

Diluted magnetic semiconductors draw attention of re-
searchers because they can be used in spintronics, inte-
grated optoelectronic devices, and quantum-mechanical
nanostructures [1]. Indium-containing nitride alloys
comprise an important component of opto-electronic de-
vices. For instance, the active layer of short-wave light-
emitting diodes and laser diodes is usually made up of
InxGa1−xN [2].

The energy of defect formation in AlN and GaN crys-
tals, which is connected with doping the latter with
donor (O, Si, Ge) and acceptor (Li, Be, Mg, Ca, Zn, Cd)
impurities, were calculated in the framework of electron-
density-functional theory (DFT) with the use of norm-
conserving atomic a priori pseudo-potentials [3]. Hy-
drogens that appear in nitrides in the course of their
growing following the MOCVD and HVPE technologies
considerably affect their properties [3].

The increase of In content in the alloy provides, in
principle, an opportunity to extend the range of light
radiation emission from ultra-violet to red wavelengths.
The GaN crystal with a 3% Cr impurity demonstrates

the largest value of magnetic moment [4]. However, In-
GaN solid solutions doped with impurities of 3d-elements
have been little studied till now. The knowledge of the
point defect origin in InGaN alloys is an important first
step to understanding their role in physical processes.
Modifications of the electronic structure in GaInN crys-
tals under influence of the mutual action by Cr and H
impurities are of both theoretical and practical values.
Therefore, this work aimed at (i) calculating the partial
and total electron densities of states in GaInN solid so-
lutions, (ii) determining the magnetic moment of each
atom in the lattice cell, (iii) calculating the total bind-
ing energies in solid solutions; and (iv) analyzing the
variations in the electronic configuration of the crystal
induced by Cr and H impurity atoms. In Section 2, the
calculation method is described in brief. Section 3 is de-
voted to the analysis of the results obtained. Section 4
contains our conclusions.

2. Calculation Technique

Atomic and thermodynamic properties of semiconduc-
tors with defects are calculated with the help of atomic
a priori pseudo-potentials [3,5]. However, this method is
rarely applied today to systems with impurities of d- and
f -elements. Therefore, to calculate the electron struc-
ture of solid solutions with an impurity of a d-element,
we used the software programs AkaiKKR [6]. The latter
allows self-consistent calculations to be carried out for
not only compounds with transition elements, but also
disordered systems [7].

The program is based on the calculation of Green’s
function in the crystal [6],

G(r + Rn, r′ +Rn′ ;E) =
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where r< (r>) corresponds to either of two vectors, r
or r′, the length of which is smaller (larger). The wave
functions Rn

L(r;E) and Hn
L(r;E) are given by the prod-

ucts of radial eigenfunctions and spherical harmonics,
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Here, R is a regular solution of the radial Schrödinger
equation in the central potential field vn(r). It is pro-
portional to the Bessel spherical function jl(

√
Er) at the

crystal site located in the muffin-tin (MT) sphere, i.e.
provided that r < RMT. At the same time, H is an
irregular solution, which describes the scattered wave
beyond the MT-sphere and equals the Hankel spherical
function hl(

√
Er). The latter does not exist at the point

r = 0. Both H and R are single-site functions, whereas
the structural matrix of Green’s function Gnn′

LL′(E) de-
scribes the relation between the solutions localized in
different cells and, therefore, contains information on the
scattering at various crystal sites.
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G
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where the matrix tnl for the potential vn(r) is defined
according to the formula

tnl =

RMT∫
0

drr2jl(
√
Er)vn(r)Rn

L(r;E), (4)

and gnn′

LL′(E) is the free-electron Green’s function. Now,
the Green’s function for a crystal with an impurity can
be obtained from the modified Dyson equation,
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where Δtnl = tnl − t
(0)
l

n is the difference between the
t-matrices for perturbed and perfect crystals.

In the KKR method, the self-consistent calculation of
the electronic structure in a crystal with impurities is
carried out according to the following procedure:
1) the initial potential of the crystal, V 0

s (r), where s is
the electron spin, is calculated;
2) the t-matrix for the unperturbed crystal, t(0)LL′ , is cal-
culated for both spin orientations;
3) the wave functions RL(r) and HL(r) are calculated
and used to determine the matrix tLL′ and the difference
ΔtLL′(E) = tLL′(E)− t(0)LL′(E);
4) from Eq. (3), the matrix of structural constants of the
unperturbed system, G(0)

LL′
nn′

(E), is obtained;
5) Dyson equation (5) is solved to determine the struc-
tural constants of the excited system, Gnn′

LL′(E);
6) Green’s function (1) is determined with the use of
the obtained wave functions RL(r) and HL(r) and the
matrix of structural constants Gnn′

LL′(E);
7) the concentration of valence electrons is calculated by
the formula

ρv
s(r) = − 1

π
Im

EF∫
Emin

Gs(r, r;Z)dZ; (6)

here, the integration is carried out in the complex plane
from the valence band bottom Emin to the Fermi energy
EF;
8) the wave functions of deep electrons and the corre-
sponding electron concentration are determined;
9) the Poisson equation is used to calculate a corrected
Coulomb potential of electrons in the crystal,

Vs(r) =
∫

ρs(r′)
|r− r′|

dr′; (7)

this potential is then taken as the initial one at the next
iteration;
10) the total potential in the crystal is determined,

V (r) =
∑

n

∑
i

∑
s

vs(r− τi −Rn), (8)

here, the summation is carried out over the coordi-
nates of crystal cells (n), the atoms in a cell (i), and
the spin variables (s); in the course of calculations, the
MT-potential approximation is used, and the disorder
is taken into account in the framework of coherent-
potential approximation (CPA);
11) the potential at a crystal site is determined as the
sum v(r) = vn(r) + ve(r) + vxc(r), where vn is the
Coulomb potential of the atomic nucleus, ve the poten-
tial created by deep and valence electrons, and vxc the
exchange-correlation potential of all electrons;
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12) in this work, the iterations were repeated until the
convergence of for the total energy of the crystal with an
accuracy of 10−8 Ry is attained; the required number of
iterations was approximately equal to 100.

In our calculations, we used the exchange-correlation
potential based on the local approximation for the spin
density and taken in the parametrization presented in
work [8]. Various parametrizations for the functionals of
exchange and correlation energies are given in work [9].
The version selected by us (see work [8]) depends explic-
itly on the spin polarization parameter ς = (ρ↑ − ρ↓)/ρ,
where ρ = ρ↑+ρ↓ is the total concentration of electrons,
i.e. it is the sum of electron concentrations with differ-
ent spin orientations. The value ς = 0 corresponds to
the paramagnetic state, and ς = 1 to the ferromagnetic
one. For the integration over the Brillouin zone, the
Monkhorst–Pack method [10] with the 8 × 8 × 8 mesh
was used. The lattice constant in the GaInN solid so-
lution with the sphalerite structure was calculated fol-
lowing Vegard’s rule. Relativistic effects were taken into
account in the scalar relativistic approximation with re-
gard for the spin-orbit interaction, which allowed us to
determine the spin and orbital magnetic moments for
each atom in the elementary cell. The density of elec-
tron states for each spin orientation was calculated by
the formula

ns(E) = −1/πIm
∫
drGs(r, r, E), (9)

where G is the retarded Green’s function [11]. The octa-
hedral interstitial site (Vo) is localized at the point with
the coordinates (1/2, 1/2, 1/2) and the tetrahedral one
(Vt) at the point with the coordinates (3/4, 3/4, 3/4).

The calculations in the program were carried out in
the framework of an all-electron self-consistent approach.
The crystal potential was composed of the potentials of
atomic nuclei on the basis of the wave functions of core
and valence electrons.

3. Results and Their Discussion

In Table, the electronic and magnetic properties of
GaInN solid solutions doped with chromium and hydro-
gen impurities are quoted. The following notations for
solid solutions are used: A = Ga0.72Cr0.03In0.25N, B =
Ga0.47Cr0.03In0.5N, and C = Ga0.22Cr0.03In0.75N. The
notations Vo and Vt stand for a hydrogen localized at an
octahedral or tetrahedral, respectively, interstitial site.

The tabular data demonstrate that the magnitudes
of spin magnetic moments located at hydrogen atoms
are tens times as large as those centered at Ga, In, and

N atoms. The dependence of these properties on the
concentration of In atoms is also of interest. For in-
stance, the magnitude of Fermi energy decreases with
the growth of the In atomic fraction in the solution for
both spin orientations. The spin-up electron density of
states at the Fermi level steadily increases, whereas the
corresponding variation for spin-down electrons is non-
monotonous. The orbital magnetic moments exceed the
spin ones only for nitrogen atoms, being smaller for all
other atoms. In addition, the spin and orbital magnetic
moments at other atoms are antiparallel, and the mag-
nitude of spin moment considerably dominates. The val-
ues of µs and µL at Cr atoms are almost insensitive to
a variation of the In concentration. The values of µs

at H atoms located at interstitials Vo are the next, by
magnitude, after the µs values at Cr atoms, being ap-
proximately five times as large as for H atoms located at
interstitials Vt. It is of interest that µs at interstitials
Vt are, on the contrary, also approximately five times
as large as µs at Vo. At the same time, the values of
orbital magnetic moment µL at interstitials Vo and Vt
are of the same order of magnitude.

Note that even a minor difference between the data
in the first and second rows of the table, i.e. between

T a b l e. Electron and magnetic properties of
Ga1−x−yInxCryN solid solutions with the hydrogen im-
purity (0.1%) located at the octahedral (Vo) or tetrahe-
dral (Vt) interstitial site. Here, εF is the Fermi energy
(eV), “up” (“dn”) means the spin-up (spin-down) orienta-
tion, n(εF) is the electron density of states at the Fermi
level (eV−1cell−1spin−1), and µs and µL are the spin and
orbital, respectively, magnetic moments (µB)

A, Vo A, Vt B, Vo B, Vt C, Vo C, Vt
εF, up 12.63583 12.61978 12.10218 12.09034 11.10843 11.09387
εF, dn 12.60426 12.58871 12.07691 12.06534 11.08384 11.06959
n(εF), up 19.09036 18.95213 21.55657 21.39352 25.69298 25.83051
n(εF), dn 2.08437 0.901478 2.228562 4.407322 1.001921 1.508838
µs on Ga 0.00262 0.00254 0.00236 0.00232 0.00269 0.00265
µL on Ga –0.00008 –0.00008 –0.0001 –0.0001 –0.00006 –0.00006
µs on Cr 2.29948 2.28828 2.28881 2.28095 2.41515 2.40518
µL on Cr –0.55957 –0.55982 –0.58629 –0.58582 –0.56397 –0.55473
µs on In 0.00195 0.00189 0.00154 0.0015 0.00132 0.0013
µL on In –0.00026 –0.00026 –0.00021 –0.0002 0.00009 0.00009
µs on N 0.00147 0.00102 –0.00045 –0.00075 –0.00171 –0.00212
µL on N 0.00229 0.0023 0.00185 0.00186 0.00186 0.00184
µs on Vo 0.00108 0.00105 0.001 0.00099 0.00097 0.00096
µL on Vo –0.00015 –0.00015 –0.00014 –0.00014 –0.00015 –0.00015
µs on H 0.29271 –0.06084 0.27598 –0.05717 0.26493 –0.07034
µL on H –0.00045 –0.0001 –0.00044 –0.00007 –0.00045 –0.00006
µs on Vt 0.00589 0.00575 0.00488 0.00483 0.00436 0.00431
µL on Vt –0.00009 –0.00009 –0.00006 –0.00006 –0.00006 –0.00006
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Fig. 1. Partial and total electron densities of states in the
Ga0.72Cr0.03In0.25N solid solution with the H impurity (0.1%) lo-
cated at the interstitial site Vo

the Fermi energies for opposite spin orientations, testi-
fies to the existence of a non-zero magnetic moment in
the crystal. Analyzing the data in the third and fourth
rows of the table, we note that the substantial difference
between the numerical values of electron density of states
with opposite spins is a reliable indicator of the presence
of a rather large magnetic moment in the crystal.

Now, let us proceed to the analysis of plots for the
electron densities of states. In Figs. 1 to 6, the partial
and total electron densities of states in Ga1−x−yInxCryN
solid solutions with an H impurity (0.1%) located at ei-
ther Vo or Vt interstitial are depicted. The plots ex-
hibit the partial p- and d-states of Cr atoms and the
s-states of H ones as having the largest amplitudes,
which is confirmed by the tabular data concerning the
values of atomic magnetic moments in the solid solu-
tions.

In Fig. 1, the partial and total electron densities of
states in the GaInN solid solution with the Cr substitu-
tional impurity are shown. Here, the impurity is located

Fig. 2. The same as in Fig. 1, but for the H impurity (0.1%)
located at the interstitial site Vt

at the interstitial site Vo. The first four curves corre-
spond to the spin-down orientation. The lowest three
curves demonstrate that, in the energy gap, there emerge
non-populated narrow bands of the p- and d-symmetry
(they are associated with Cr atoms) and non-populated
s-states of H atoms. The fourth curve corresponds to
the total DOS. The next four curves correspond to the
spin-up orientation. The fifth and sixth curves testify
to the presence of narrow partially populated spin-up
bands of the p- and d-symmetries in the energy gap,
which originate from the Cr impurity. Note that these
bands—both populated with electrons and free ones—
are narrow and strongly hybridized. The seventh curve
represents partially populated s-states of H. The eighth
curve corresponds to the total DOS. It is evident that
the total DOS underwent a modification in the energy
gap induced by the influence of Cr and H impurities.
Nevertheless, the structure of modified DOS can easily
be explained, by using partial DOS.

In Fig. 2, the densities of states in GaInN crystals with
Cr and H substitutional impurities are depicted. Here,
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Fig. 3. Partial and total electron DOS in the Ga0.47Cr0.03In0.5N
solid solution with the H impurity (0.1%) located at the interstitial
site Vo

the impurity atom is located at the interstitial site Vt.
While comparing the partial DOS induced by Cr impu-
rities and exhibited in Figs. 1 and 2, we see that they
are almost identical. However, a detailed comparison
between the curves that correspond to partial DOS at
H atoms testifies to a considerable difference. In partic-
ular, in the case of hydrogen located at the interstitial
site Vo, the narrow spin-down band is not populated;
but if the hydrogen is located at Vt, the band concerned
is populated. In the case of the hydrogen localization at
the interstitial site Vo, the corresponding narrow spin-
up band is only partially populated; however, this band
is populated if H is located at the interstitial site Vt.
Taking advantage of partial DOS at H atoms, which are
shown in Figs. 1 and 2, we can qualitatively find that
the magnetic moment is larger at the hydrogen atom
located at an interstitial site Vo. Really, the value of
magnetic moment is proportional to the difference be-
tween the areas under the curves corresponding to spin-
up and spin-down orientations. This difference is larger
for Fig. 1, being small for Fig. 2, and the corresponding

Fig. 4. The same as in Fig. 3, but for the H impurity (0.1%)
located at the interstitial site Vt

moments quoted in Table equal 0.29µB and −0.06µB ,
respectively.

In Figs. 3 and 4, the partial and total DOS are shown
for the GaInN solid solution with the Cr substitutional
impurity, in which the In content equals 50%, and the
hydrogen impurity is located at the interstitial site Vo
or Vt, respectively. From Fig. 3, one can see that
the spin-down partial DOS at Cr and H atoms corre-
spond to non-populated bands, whereas the spin-up par-
tial DOS to partially populated ones. Figure 4 demon-
strates that the spin-down and spin-up partial DOS at
H atoms correspond to populated bands with the s-
symmetry.

The curves in Figs. 5 and 6 exhibit the partial and
total DOS in the GaInN solid solution with an In con-
tent of 75%. In Fig. 5, the partial spin-down DOS
at Cr and H atoms correspond to non-populated nar-
row bands, and the spin-up DOS to partially populated
ones. However, in Fig. 6, the partial DOS at H atoms
correspond to the narrow populated spin-down band
of the s-symmetry, and we have a partially populated
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Fig. 5. Partial and total electron DOS in the Ga0.22Cr0.03In0.75N
solid solution with the H impurity (0.1%) located at the interstitial
site Vo

band composed of s-states for the spin-up orientation.
At the same time, the corresponding bands induced by
hydrogen and represented in Figs. 2 and 4 are popu-
lated.

The presented results qualitatively agree with those
obtained while a priori calculating the electron densities
of states in the GaN crystal with the Mn impurity in
the framework of the norm-conserving atomic pseudo-
potential method [12]. In this method, the approxima-
tion of MT-potential is not used. From the results of
work [12], one can see that the 3d-states of manganese
are located at the Fermi level, and the width of the impu-
rity band approximately equals 1.5 eV. In works [13, 14],
we can also find a qualitative comparison of the results
obtained for GaN with the Mn impurity. It turned out
that various a priori pseudo-potentials bring about 3d-
states of manganese that are also located at the Fermi
level.

The authors of experimental work [15] revealed fer-
romagnetism in a GaN crystal with the Mn impurity
and proposed a criterion, according to which this state

Fig. 6. The same as in Fig. 5, but for the H impurity (0.1%)
located at the interstitial site Vt

arises provided that the Fermi level is located in the
band formed by Mn states that, in turn, are located
in the energy gap of the matrix. In experimental work
[16], ferromagnetism was found in a GaN crystal with
the Cr impurity at room temperature, and a conclusion
was drawn that GaN:Cr is a candidate for applications
in spin electronics.

On the other hand, the available experimental data
are often inconsistent. Some literature sources assert
that ferromagnetism with a high TC can be obtained in
the GaMnN system [17]. The other sources consider an-
tiferromagnetism [18] or paramagnetism [19] in GaMnN.
The origin of magnetism in this system is also a matter
of discussion [20]. Some researchers suppose that the
observed ferromagnetic state can be associated with sec-
ondary phases, and GaMnN is a spin glass [21]. The oth-
ers assert that no secondary phase is observed in single-
crystalline GaMnN specimens with the ferromagnetic or-
der [22].

We do not know about experimental and theoretical
results for GaInN systems with impurities of transition
3d-elements.
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4. Conclusions

The partial and total DOS in GaInN solid solutions with
the Cr substitutional impurity (3%) and hydrogen atoms
(0.1%) in Vo or Vt interstitial sites have been calculated.
The hydrogen impurity was found to have a consider-
able influence on the electron densities of states at the
Fermi level for both spin orientations (see Table). The
spin and orbital magnetic moments at atoms and inter-
stitials were calculated. The orbital moment was ob-
tained taking the spin-orbit coupling into account. The
largest values of the spin and orbital moments were ob-
tained for Cr atoms, and the largest spin moments for
H atoms. The spin and orbital moments at all atoms
in the solid solution weakly depend on the In content.
Really, In and Ga are isovalent. However, the Fermi en-
ergies considerably decrease, as the In content increases,
and the electron densities of spin-up states substantially
grow.

Figures 1 to 6 brought us to a conclusion about an es-
sential reconstruction of the electronic configuration in
the GaInN solid solutions invoked by Cr and H impu-
rities. In particular, the latter induce the appearance
of s-, p-, and d-states of hydrogen and chromium in the
energy gap.

Which interstitial site is the most probable for hy-
drogen atoms to be located at? Within the considered
interval of the In content, the total binding energies
in solid solutions calculated for H atoms located at ei-
ther Vo or Vt interstitial sites are close by magnitude.
In particular, the corresponding binding energies equal
−5904.8713 and −5904.8711 Ry, respectively, if the In
content equals 25%; −7872.4489 and −7872.4490 Ry, re-
spectively, if the In content equals 50%; and −9840.1012
and −9840.1010 Ry, respectively, if the In content equals
75%. This means that the largest difference between the
total binding energies equals 0.0002 Ry or 0.0027 eV.
Hence, the localizations of hydrogen atoms at Vo or Vt
interstitial atoms are almost equiprobable.

From Figs. 1 to 6, we may draw conclusion that the ef-
fective mass approximation is inapplicable in the narrow
bands induced by chromium and hydrogen impurities.

We express our gratitude to Prof. H. Akai (Osaka
University) for supplying us with the newest version of
AkaiKKR-LSDA program.
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ЕЛЕКТРОННА СТРУКТУРА ТВЕРДИХ РОЗЧИНIВ GaInN
З ДОМIШКАМИ ХРОМУ I ВОДНЮ

С.В. Сиротюк, В.М. Швед

Р е з ю м е

Електроннi та магнiтнi властивостi твердих розчинiв GaInN

з домiшками хрому i водню були розрахованi за мето-

дом функцiї Грiна. Отриманi парцiальнi та повнi спiн-
поляризованi густини електронних станiв вказують на доко-
рiнну перебудову електронної структури кристала, спричинену
атомами замiщення Cr та мiжвузловими домiшковими атома-
ми водню. Змiни зв’язанi з появою у забороненiй зонi вузьких
гiбридизованих зон s-,p- i d-симетрiї, вiдсутнiх у твердих роз-
чинах GaInN.
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