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Ab initio study of ferromagnetism in Ga1−xCrxN thin films
Q. Wang, Q. Sun, and P. Jena
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J. Z. Yu, R. Note, and Y. Kawazoe
Institute for Materials Research, Tohoku University, Sendai, 980-8577, Japan
共Received 21 December 2004; revised manuscript received 21 March 2005; published 15 July 2005兲
Electronic structure and magnetic properties of Ga1−xCrxN thin films are studied using the gradient corrected
density functional method and a supercell slab model. Calculations are carried out by varying the concentration
of doped Cr atoms and the sites they occupy. Cr atoms are found to prefer to reside on the surface sites and
cluster around N as Mn atoms do. However, unlike Mn-doped GaN, Cr-doped GaN is found to be ferromagnetic for all concentrations studied. The calculated ferromagnetism is in agreement with recent experimental
observations.
DOI: 10.1103/PhysRevB.72.045435

PACS number共s兲: 61.46.⫹w, 36.40.Cg, 75.50.Pp

I. INTRODUCTION

There is considerable current interest in exploiting electron spin in the design and synthesis of novel spin-based
electronic materials. The eventual success of these materials
for applications in “spintronics” relies on identifying the best
candidates for this purpose. Since the theoretical prediction
of room-temperature ferromagnetism in Mn-doped GaN,1,2
extensive research efforts have been devoted to the study of
this system both theoretically and experimentally.3–17 However, the results have been rather confusing. Some experiments reported observation of ferromagnetism in 共Ga,Mn兲N,
while others found it to be antiferromagnetic. It was shown
recently that this controversy can be attributed to sample
preparation conditions.18 When Mn atoms are on or near the
surface, the contraction in the Mn-Mn bond length results in
antiferromagnetic 共AFM兲 coupling. On the other hand, when
Mn atoms occupy bulk sites, the coupling becomes ferromagnetic 共FM兲.
Cr is a neighbor to Mn in the Periodic Table, and several
groups have recently reported above-room-temperature ferromagnetism for 共Ga,Cr兲N. Park et al. 19 reported roomtemperature ferromagnetism 共Tc = 280 K兲 for bulk singlecrystal Cr-doped GaN prepared by the sodium flux growth
method. Ferromagnetism with Tc ⬎ 400 K in 共Ga,Cr兲N prepared by electron-cyclotron-resonance molecular-beam epitaxy was also reported by Hashimoto et al.20 Furthermore, by
using epitaxial metalorganic chemical vapor deposition and
superconducting quantum interference device magnetometer
measurements, Lee et al.21 found a ferromagneticlike ordering in a Cr-doped GaN sample up to 320 K. Recently, Liu
and co-workers22 observed ferromagnetism above 900 K in a
Cr-GaN thin film, and showed convincingly that the substitutional Cr atoms are involved in ferromagnetic behavior.
Recently theoretical studies of magnetism in bulk 共Ga,Cr兲N
have been carried out,23 however, no theoretical calculations
on Cr-doped GaN thin films are available to our knowledge.
The difficulty of thin-film calculation is caused by complicated surface reconstruction that requires the need for large
supercells capable of modeling low doping concentrations in
experiments.
In this article, we report the first ab initio theoretical study
1098-0121/2005/72共4兲/045435共6兲/$23.00

of the electronic and magnetic properties of a Cr-doped GaN
thin film. We show that the ferromagnetic phase is energetically the most preferable state, irrespective of the concentration of Cr atoms.
II. COMPUTATIONAL PROCEDURE

We have chosen the 共112̄0兲 surface of GaN having a
wurtzite structure. The thin film was modeled by slabs with
different thicknesses. Each slab was separated from the other
by a vacuum region of 10 Å along the 关112̄0兴 direction. The
calculations of total energies and forces, and optimizations of
geometry were carried out using the density functional
theory 共DFT兲 and PW91 functional24 for the generalized gradient approximation 共GGA兲 for exchange and correlation potential. A plane-wave basis set and the projector augmented
wave 共PAW兲 potentials25 for Ga, Cr, and N, as implemented
in the Vienna Ab initio Simulation Package 共VASP兲,26 were
employed. The energy cutoff was set at 300 eV, and the
convergence in energy and force were 10−4 eV and
10−3 eV/ Å, respectively. The accuracy of our computational
procedure has been established in our earlier work,18 where
we calculated the main geometrical parameters and cohesive
energies of bulk GaN by carrying out full geometrical relaxation with different supercell sizes and compared the results
with experiments.
III. RESULTS AND DISCUSSIONS

The properties of Cr-doped GaN thin films have been
studied in succeeding steps. We begin this work by first discussing the properties of an undoped GaN 共112̄0兲 thin film.
The thin film was modeled by a nine-layer 共1 ⫻ 2兲 GaN
共112̄0兲 slab that consists of 36 Ga and 36 N atoms, as shown
in Fig. 1. The central three layers of the slab were held at
their bulk configuration while the three layers on either side
of the slab were allowed to relax without any symmetry constraint. To preserve the symmetry, the top and bottom layers
of the slab have been taken to be identical in all the following calculations. The surface reconstruction was carried out
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FIG. 1. Schematic representation of a nine-layer slab model for
the wurtzite GaN 共112̄0兲 surface, which consists of 36 Ga and 36 N
atoms. The lighter and numbered spheres represent Ga, and the
darker spheres represent N.

by full geometry optimization of the slab. The K-point convergence was achieved with a 共6 ⫻ 4 ⫻ 1兲 Monkhorst-Pack
grid27 for the geometry optimization and 共8 ⫻ 6 ⫻ 2兲 for the
final calculation, corresponding to 12 and 24 irreducible K
points in the first Brillouin zone, respectively. The total energy of the relaxed slab is 3.176 eV lower than the
unrelaxed one, corresponding to an energy gain of
0.132 eV/ Ga-N dimer. The vertical buckling ⌬⬜ of the Ga-N
dimer on the surface atomic layer is +0.234 Å, while that on
the subsurface layer is −0.04 Å. The bond length of Ga-N on
the surface layer is 1.895 Å along the 关11̄00兴 direction and
1.874 Å along the 关0001兴 direction, which are contracted by
−1.76% and −5.35%, as compared with the bulk, respectively. It is found that the relaxation occurs mainly in the
surface layer, while the relaxations of the atoms in the subsurface layer and the third layer are an order of magnitude
smaller than that in the surface layer. The total density of
states 共DOS兲 for the slab is plotted in Fig. 2共a兲. From the
DOS, we can see that the Fermi level is located in the gap
region, confirming that GaN is a semiconductor. The DOS
curves for spin-up and spin-down states are totally symmetric, therefore there is no net magnetic moment in this thinfilm system. In addition, no surface states are present in the
band gap.

FIG. 2. 共a兲 Total DOS of Ga36N36 corresponding to an undoped
wurtzite 共112̄0兲 GaN surface. 共b兲 Total DOS of the Ga32Cr4N36
slab, corresponding to a Cr-doped GaN thin film with 11% Cr concentration. 共c兲 Partial DOS of Cr-3d and N-2p at neighboring sites
in Ga32Cr4N36.

To study the site preference of a Cr atom, we first replaced a single Ga atom with Cr in the top layer of the slab.
To preserve symmetry, a Cr atom was also substituted at the
corresponding Ga site in the bottom layer of the slab. This
substitution leads to a supercell consisting of Ga34Cr2N36 and
amounts to a 5.6% Cr concentration. We have also checked
the possibility that Cr may prefer a subsurface site. This is
achieved by replacing a Ga atom in the subsurface and the
third layer on either side of the slab. Specifically, the Ga
atoms at site Nos. 3, 6, and 10 in the top side and at site Nos.
33, 29, and 26 in the bottom side of the slab have been
replaced with Cr atoms, respectively. The distance between
the two Cr atoms in either side of the slab for these three
configurations is 12.684, 9.513, and 6.342 Å, respectively.
This is quite large and thus the interaction between these two
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TABLE I. Optimized Cr-Cr distance 共in Å兲, relative energy ⌬ 共in eV兲 calculated with respect to the
ground state 共configuration I兲, energy difference between AFM and FM states ⌬E = EAFM − EFM 共in eV兲, and
moments 共in B兲 at Cr and its nearest-neighbor N and Ga atoms for each configuration.
Configuration
共Cr sites兲
I. 共1, 3 / 35, 33兲

II.共3, 4 / 33, 34兲

III.共2, 3 / 33, 36兲

IV.共3, 6 / 33, 29兲

V. 共5, 6 / 29, 30兲

共Cr-Cr兲
distance

3.064

4.515

5.494

3.14

3.077

⌬

⌬E

total
0

1.034

1.059

2.15

3.014

0.512

−0.061

−0.032

−0.17

−0.204

Cr atoms can be neglected. We found that the Cr atom prefers to reside on the surface layer, which is 1.55 and 1.91 eV
lower in energy than that of the Cr located in the subsurface
and third layer, respectively. This is similar to the results
obtained in the Mn-doped GaN 共112̄0兲 surface.18
Next, using the above slab model, we studied the coupling
between Cr atoms by replacing two Ga atoms with Cr on
both the top and bottom sides of the slab. This replacement
generated a Ga32Cr4N36 supercell with 11% Cr doping. Since
it is a priori not clear how these Cr atoms are distributed
relatively, we have studied five possible configurations in
which the two Cr atoms replace Ga at the nearest, secondnearest, and third-nearest sites in the surface layer, the nearest sites in subsurface layer, and one Ga in surface layer and
another one in the subsurface layer. The results are summarized in Table I. In the first column, we specified the Ga
atoms that were replaced by Cr as shown in Fig. 1. For
instance, configuration I 共1, 3 / 35, 33兲 corresponds to replacing Ga atoms at site Nos. 1 and 3 on the top side of the slab,
and symmetrically replacing Ga at site Nos. 35 and 33 on the
bottom side. Total energies corresponding to both FM and
AFM spin alignments were calculated to determine the preferred magnetic ground state for all these configurations. The
magnetic moments at each Cr site were calculated selfconsistently. The self-consistent procedure was started by
initially assigning a magnetic moment of 5 B at each Cr site
for both FM and AFM configurations. The optimized Cr-Cr
distance and the relative energy ⌬, which is measured with
respect to the ground-state energy for each configuration, are
listed in the second and third columns of Table I. It is found
that configuration I with FM coupling has the lowest total
energy than all others, and the energy increases remarkably
when Cr atoms occupy the interior sites of the thin film. The
energy difference ⌬E between AFM and FM states 共⌬E

Cr
N
Ga
Cr
N
Ga
Cr
N
Ga
Cr
N
Ga
Cr
N
Ga

2.742
−0.157
0.026
2.602
−0.055
0.036
2.619
−0.052
0.037
2.534
−0.057
0.033
1.988
0.008
0.034

Local moments
s
p
0.050
−0.014
0.016
0.050
−0.003
0.018
0.044
−0.003
0.018
0.012
−0.004
0.021
0.022
0.001
0.022

0.018
−0.142
0.007
0.006
−0.054
0.017
0.005
−0.051
0.018
0.007
−0.054
0.019
0.013
0.008
0.008

d
2.674
0.003
2.551
0.002
2.565
0.001
2.485
0.001
1.952
0.003

= EAFM − EFM兲 and the calculated local magnetic moments on
Cr atom and its nearest anion N and cation Ga for each of
five configurations are given in the fourth and fifth columns
of Table I. For the most stable configuration I, the FM state is
0.512 eV lower in energy than the AFM state, where the two
Cr atoms prefer to occupy the surface layer, and cluster
around N atoms. The Cr-N bond length in the surface layer is
1.815 and 1.857 Å along 关11̄00兴 and 关0001兴, respectively.
This corresponds to a contraction of −4.22% and −0.91% as
compared with the undoped GaN surface, respectively. It is
obvious that the energy different ⌬E becomes smaller and
smaller as the Cr-Cr distance increases, although the FM
state is not always lower in energy for all the other four
configurations. In the ground state, each Cr atom carries
2.74 B, which is close to the experimental value of 3.0 B
for the ideal substitutional case.22 This suggests that the Cr
impurity doped in GaN has a magnetic configuration of 3d3.
The neighboring N atom of Cr is polarized antiferromagnetically with a magnetic moment of 0.157 B, which mainly
comes from the N-2p orbital 共0.142 B兲. The total DOS and
the partial Cr-3d and N-2p DOS are shown in Figs. 2共b兲 and
2共c兲, respectively. We note that the system is half metallic
with Cr-3d dominating the DOS at the Fermi energy. Meanwhile, there is a noticeable overlap between Cr-3d and N-2p
states. In particular, the majority N-2p orbitals are more hybridized with Cr-3d orbitals than the minority states. This
results in opposite magnetic moments of N atoms, similar to
what happened in CrN bulk28 and Cr2N and Cr2O
clusters.29–31 The charge density distribution plotted in Fig.
3共a兲 is consistent with the above picture. It shows that there
is a strong interaction between Cr and the nearing N atoms.
To study the change of magnetic coupling between Cr
atoms with Cr concentration, we made additional calculations by changing the thickness along the 关112̄0兴 and 关0001兴
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FIG. 3. Charge density distribution in 共a兲 Ga32Cr4N36 and 共b兲 Ga52Cr4N56 supercells in the plane containing Cr and neighboring N
atoms.

directions. We first increased the thickness of the slab along
the 关112̄0兴 direction to 11 layers based on the above
共1 ⫻ 2兲 nine-layer model, which contains a total of 88 atoms
共Ga44N44兲. We fixed the atoms in the central five layers at the
bulk position, and fully relaxed both the top and bottom three
layers of the slab. We still used Monkhorst-Pack K-point
mesh of 6 ⫻ 4 ⫻ 1 for the geometry optimization and 8 ⫻ 6
⫻ 2 for the final calculation. The surface reconstruction and
simulation of the Cr-doped GaN thin film have been carried
out by following a similar procedure as discussed above. The
energy gain due to the relaxation was found to be
0.131 eV/ Ga-N dimer. The Ga-N bond lengths in the surface
and subsurface layers were found to converge to the ninelayer slab. The substitution of two Ga atoms with Cr on
either side of the slab corresponds to a 9% Cr doping concentration. By searching all the possible Ga sites that Cr
atoms can replace, it was found that the Cr atoms again
prefer to reside on the surface layer and cluster around N
atoms. The FM state is found to be 0.504 eV lower in energy
than the AFM state. Each Cr atom carries a magnetic moment of 2.74 B, and the moments located on Cr-3d, Cr-4s,
and Cr-4p are essentially the same as the values we obtained
from the nine-layer slab model. We also performed the calculation for the 共1 ⫻ 2兲 seven-layer slab, which consists of 28
Ga atoms and 28 N atoms. The FM state is once again found
to be lower in energy than that of AFM by 0.528 eV, and the

Cr atoms prefer to occupy the surface layer sites and cluster
around the N atoms. The local magnetic moments distributed
on the Cr and nearing N are given in Table II. It is clear that
the energy and magnetic moments are close to the values
obtained for the nine-layer slab.
There is an important point we need to clarify in the
above seven- to 11-layer slab models. When a 共1 ⫻ 2兲 surface
unit cell is used for constructing the slabs, the Cr atoms on
the surface form continuous chains along the 关0001兴 direction. The question is whether the coupling is still ferromagnetic when Cr atoms do not form continuous chains. To
check this point, we used a seven-layer 共2 ⫻ 2兲 slab model
containing 56 Ga atoms and 56 N atoms. The central three
layers of this slab were fixed at a bulk crystalline position,
while both the top and bottom two layers were relaxed without any symmetry constraint. The geometry of the supercell
was optimized fully by using 共5 ⫻ 5 ⫻ 1兲 Monkhorst-Pack
K-point mesh.27 For the final calculation of total energy and
magnetic moments, we used 共6 ⫻ 6 ⫻ 2兲 K-point mesh. When
two Cr atoms are substitutionally doped at Ga sites on either
side of the slab, a Ga52Cr4N56 supercell with a 7% Cr concentration is generated. There are many more possible Ga
sites for Cr atoms to replace, since there are twice as many
Ga-N dimers in each layer of this slab. We did extensive
search by replacing Ga with Cr at different sites in the surface layer and/or subsurface layer. We found that Cr atoms
continue to prefer to reside in the surface layer and cluster

TABLE II. Cr doping concentration, slab size, corresponding supercell, energy difference 共⌬E兲 between
AFM and FM states per Cr atom 共in eV/ Cr兲, and local magnetic moments 共in B兲 located on Cr 共Cr兲 and N
共N兲.
Concentration
0.07
0.09
0.11
0.143

Slab size

Supercell

⌬E

Coupling

Cr

N

Seven-layer 共2 ⫻ 2兲
11-layer 共1 ⫻ 2兲
Nine-layer 共1 ⫻ 2兲
Seven-layer 共1 ⫻ 2兲

Ga52Cr4N56
Ga40Cr4N44
Ga32Cr4N36
Ga24Cr4N28

0.121
0.128
0.126
0.132

FM
FM
FM
FM

2.626
2.742
2.742
2.742

−0.11
−0.15
−0.15
−0.16
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FIG. 4. Schematic representation of a
Ga52Cr4N56 共112̄0兲 slab, corresponding to 7%
concentration.

seven-layer
Cr doping

around the N atom. Figure 4 shows the most stable configuration of the Ga52Cr4N56 slab. The Cr-N bond length was
found to be 1.833 and 1.859 Å along the 关11̄00兴 and 关0001兴
directions, respectively. The energy difference between the
AFM and FM states is 0.121 eV/ Cr atom with the FM state
lying lower in energy. The Cr atom carries a magnetic moment of 2.626 B, contributed mainly from 3d共2.574 B兲
and 4s共0.049 B兲 orbitals of Cr. The partial DOS of the Cr
atom are shown in Fig. 5共b兲, which can be compared with the
total DOS given in Fig. 5共a兲. The N atoms forming the nearest neighbor to Cr are polarized antiferromagnetically and
carry a moment of 0.11 B mainly arising from N-2p orbitals. The charge density distribution in the plane of Cr-N-Cr
of the surface layer is given in Fig. 3共b兲. This differs from
the results in Fig. 3共a兲 when Cr atoms form a continuous
line.
To further understand the mechanism involved in the ferromagnetic coupling between the two Cr atoms doped in
GaN, we revisit the DOS shown in Figs. 2 and 5. Note that
there are three common features: 共1兲 All DOS show a halfmetallic character. 共2兲 Cr-3d orbitals hybridize with N-2p
orbitals. In addition, doping Cr in GaN induces some
changes in the N-2p DOS, as found in the recent
experiment.32 共3兲 The impurity states, which originate from
the hybridization between Cr-3d and N-2p, appear in the
band region. These features are very similar to what has been
found in bulk Cr-doped GaN,32–34 where the displayed ferromagnetism was driven by double-exchange interactions.35
Therefore, we conclude that the double-exchange mechanism
is also responsible for ferromagnetism observed in Cr-doped
GaN thin films.

FIG. 5. 共a兲 Total DOS, 共b兲 partial DOS of Cr, and 共c兲 partial
DOS of Cr-3d and neighboring N-2p for the Ga52Cr4N56 slab
shown in Fig. 4.
IV. SUMMARY

We have studied the magnetic properties of a Cr-doped
GaN thin film using the density functional theory and generalized gradient approximation for exchange and correlation
potential. We show that Cr atoms cluster around N on the
surface layer of the thin film and, in agreement with recent
experiments, ferromagnetic coupling is energetically more
preferable than antiferromagnetic coupling. We also find the
preferred coupling between Cr atoms to be ferromagnetic
irrespective of Cr concentration and whether Cr atoms remain on the surface or in the bulk. The ferromagnetic coupling is driven by a double-exchange mechanism. These results are in contrast to Mn-doped GaN, where the Mn atoms
couple antiferromagnetically on the surface, but ferromagnetically in the bulk. The ferromagnetism exhibited in bulk
and in the thin film makes Cr-doped GaN a promising candidate for applications in spintronics.
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