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Abstract
We apply first principles calculations to predict the effect of Cr doping on the electronic and
magnetic properties of passivated AIN nanowires. We compare the energetics of the possible dopant
sites and demonstrate for the favorable configuration ferromagnetic ordering. The charge density
of the pristine passivated AIN nanowire is used to elucidate the bonding character. Spin density
maps demonstrate an induced spin polarization for N atoms next to dopant atoms, though most
of the magnetism is carried by the Cr atoms. Cr-doped AIN nanowires turn out to be interesting

for spintronic devices.
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Spintronics is currently an active area of research, because spin-based multifunctional
devices have several advantages over conventional charge-based devices, including the speed
of data processing, nonvolatility, and high integration densities [1, 2]. The interest in such
devices has led to growing efforts in developing and designing spintronic materials. Dilute
magnetic semiconductors are promising candidates in this regard. While ferromagnetism
was discovered in (In,Mn)As [1, 3], for example, it is desirable to have spin polarized charge
carriers [4]. Dilute magnetic semiconductors based on III-V compounds have demonstrated a
promising combination of unique optoelectronic properties and room-temperature ferromag-
netism, with potential industrial applications [5-7]. Various experimental and theoretical
efforts have been dedicated to achieving room temperature ferromagnetism while preserving
the semiconducting nature of a material. For example, the transition metals Mn, Cr, Fe, Co,
V, and Ni have been widely used as magnetic dopants to obtain dilute magnetic semiconduc-
tor thin films based on GaN, GaAs, and AIN [8-14], where the origin of the ferromagnetism
has been addressed by various authors [15-20].

Recently, the focus has shifted to low-dimensional nanostructures for reducing the de-
vice size. Such nanowires, nanotubes, and nanobelts show high thermal stability, chemical
resistivity, and excellent mechanical properties. Among the III-nitrides, AIN is interesting
for applications in nanoelectronics due to its large bandgap of 6.2 eV [21] and low electron
affinity [22]. As a result, AIN-based nanowires [23]| have been synthesized recently, including
Mn and Mg-doped single-crystal nanowires, which are ferromagnetic with Curie tempera-
tures of up to 300 K [24, 25]. On the theoretical side, Wang and coworkers [18, 26] have
contributed to the understanding of the ferromagnetism in Mn-doped GaN nanowires using
ab-initio calculations and have suggested that Cr-doped GaN nanowires are more suitable
for spintronics. Moreover, Xiang and Wei [27] have argued that surface passivation is a crit-
ical factor for sustaining ferromagnetism in Cu-doped GaN nanowires. The ferromagnetism
in Mn-doped passivated AIN nanowires has been explored extensively in Refs. [28, 29]. It
is therefore important to understand how Cr induces magnetism in low-dimensional passi-
vated systems (where the passivation avoids effects of surface states). To achieve this goal,
we have performed a systematic theoretical study of the electronic and magnetic properties

of Cr-doped passivated AIN nanowires using first principles calculations.

All calculations are carried out within the framework of spin-polarized density functional

theory using the projector augmented wave method as implemented in the Vienna Ab-initio
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Simulation Package [30]. Al3s?, 3p!, N 252, 2p3, and Cr 3d®, 45! valence states are employed.
The exchange-correlation interaction is treated in the generalized gradient approximation
using the parametrization of Perdew, Burke and Ernzerhof. To improve the description of
electronic correlations in the Cr d shell, an on-site Coulomb interaction of U = 3.6 eV and
an on-site exchange interaction of J =1 eV are taken into account [31]. The energy cutoff
is set to 500 eV. All structures are optimized until the components of the atomic forces
have reached values below 0.01 eV/A. Self-consistency is assumed for an energy difference
between two successive iterations of less than 107> eV. For the Brillouin zone integration,
Monkhorst-Pack meshes of 1 x 1 x 6 and 1 x 1 x 9 points are found to be sufficient for the

geometry optimizations and electronic structure calculations, respectively.

As starting point, an AIN nanowire with hexagonal cross section enclosed by [1010] facets
(infinite along the [0001] direction) is cut from an optimized wurtzite bulk AIN structure
with lattice constants of @ = 3.13 A and ¢ = 5.01 A, which are in good agreement with
the experimental values of @ = 3.11 A and ¢ = 4.98 A [32]. To be more specific, the
nanowire is generated from a 7 x 7 x 2 wurtzite supercell by removing the Al and N atoms
outside a circle of 1 nm diameter, see Fig. 1, and contains 96 atoms (48 Al and 48 N)
with about 13 A vacuum along the [1010] and [01T0] directions, thereby ensuring that the
nanowires in neighboring supercells do not interact with each other. The infinite extension
along the [0001] direction is due to the periodic boundary conditions. H-passivation is used
to saturate dangling surface bonds. After optimization of the pristine AIN nanowire, the
charge density map on the left hand side of Fig. 2 is generated as the difference between the
obtained electron density and the electron densities of the isolated atoms. Clearly, there is
a significant amount of charge transferred from the Al to the N atoms, relecting the ionic

bonding nature.

In order to evaluate the properties of Cr-doped AIN nanowires, we start by determining
the preferable positions of the dopant atoms. To this aim, we replace one Al atom in
the 96 atom supercell by Cr, which gives rise to a doping level of 2.1%. The preferable
sites are determined by calculating the total energy for Cr replacing (A) the surface three-
coordinated Al atom, (B) the surface four-coordinated Al atom in the groove, and (C) the
four-coordinated Al atom in the core, see the upper case labels Fig. 1. The total energy for
substitution at the A site is found to be 1.07 eV lower than for the B and C sites, indicating

that the surface is preferable for substitution. For the A site we obtain an induced magnetic
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moment of 3.0 pp, which is mainly due to the Cr 3d states (2.5 up), as expected.

To investigate the magnetic interaction between two Cr atoms, six distinct configurations
with dopant concentrations of 4.2% (two Al atoms substituted by Cr) are studied, see
the lower case labels in Fig. 1. Configurations C-I and C-II correspond to substitution at
two nearest and next-nearest neighbor B sites, respectively, whereas in configuration C-III
nearest neighbor A and B sites are substituted. Configurations C-IV and C-V are achieved
by substituting at two nearest and next-nearest neighbor A sites, respectively. Finally,
in configuration C-VI nearest neighbor B and C sites are substituted. To determine the
magnetic state, the total energy is calculated for the spin of the two Cr atoms set parallel
or antiparallel, representing ferromagnetism (FM) or antiferromagnetism (AFM), where the
energy difference AE = Eapy — Eppy (per Cr atom) is positive for ferromagnetism. The
obtained values and the relative energies with respect to the ground state are collected in
Table 1, together with the optimized Cr;-Cry distances, nearest neighbor Cr-N distances,
and magnetic moments. We find always ferromagnetism except for configuration C-II which
yields antiferromagnetism.

The relative energies in Table 1 show that configuration C-IV, where the two Cr atoms
are bridged by an N atom in the surface layer, is the ground state, indicating that Cr prefers
to cluster at the surface. A charge density map for this case is shown on the right hand
side of Fig. 2. We note that the Cri-N and Cr,-N bond lengths shorten from 1.89 A to
1.82 A and 1.81 A, respectively. The Cr;-N-Cry bond angle amounts to 109°. Remarkably,
the Cry-Cr, bond length decreases during the relaxation from 3.07 A to 2.95 A. The spin
polarization in configuration C-IV is mainly due to the Cr atoms, for which we obtain a
local moment of 2.65 up. We note that the adjacent N atoms show small and antiparallelly
aligned moments of —0.10 pp. Configurations C-III, C-V, and C-VI have higher energies
(1.30 eV, 0.05 eV and 2.58 eV, respectively), where the Cr-N bond lengths are close to those
of configuration C-IV, but the Cr-Cr bond lengths deviate substantially. Configurations C-I
and C-II, in which the two Cr atoms are well separated from each other, are energetically
unfavorable, implying that Cr-N-Cr bridges are the determining factor for the stability.

Turning to the electronic structure of the Cr-doped passivated AIN nanowires, we report
the density of states (DOS) of the ground state configuration in Fig. 3, which also gives
results for the pristine passivated AIN nanowire for comparison. We aim to understand the

impact of Cr doping on the electronic states and the Cr-Cr and Cr-N magnetic interactions.
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Figure 3(a) exhibits for the pristine passivated AIN nanowire a bandgap of 5.0 eV, close to
the value of 4.9 eV calculated in Ref. [33]. The bandgap is larger than in the bulk material
(4.1 eV) due to quantum confinement. According to Fig. 3(b), Cr doping introduces in-gap
states and spin polarization. This observation is confirmed by the partial DOS curves given
in Fig. 3(c), which demonstrate both Cr 3d and N 2p contributions to the in-gap states.
Together with the observed small N magnetic moments we can conclude that the magnetic
coupling between Cr atoms is mediated by N bridges. The situation is similar to Cr-doped
AIN thin films with ferromagnetic coupling of the Cr atoms in the surface [20]. The spin
density obtained for configuration C-IV is displayed in Fig. 4 as isosurface plot. We find a
localization at the Cr sites in the surface of the nanowire, whereas the N atoms show much
less and the Al atoms virtually no spin polarization, in agreement with Table 1. We can
conclude that the additional charge carriers due to Cr doping promote ferromagnetism in

passivated AIN nanowires.

We have performed ab-initio calculations to investigate the electronic structure and mag-
netic properties of Cr-doped passivated AIN nanowires. We find that a single Cr atom prefers
to occupy the surface three-coordinated site. Importantly, Cr substitution at the surface re-
sults in ferromagnetic coupling between Cr atoms mediated by the N bridge between them.
Hybridization between the Cr 3d and N 3p orbitals leads to small magnetic moments on the
adjacent N atoms (antiparallel orientation with respect to the Cr moments). Our results
endorses that Cr-doped passivated AIN nanowires are promising for efficiently realizing spin

polarized transport and other spin dependent applications.
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TABLE I. Energy difference between antiferromagnetism and ferromagnetism, relative energy with
respect to the ground state (configuration C-IV), optimized Crl-Cr2 and Cr-N distances, and

magnetic moments of the Cr and N atoms. Energies are given in eV, distances in A, and moments

in upg.

Configuration AFE Ace dcr1-Cr2 dor1-N Crl Cr2 UN Coupling
C-I (a,b) 0.19 2.62 4.33 1.82 2.58 2.53 —0.04 FM
C-II (a,c) —1.28 4.10 4.86 1.83 2.53 2.51 —0.03 AFM
C-II1 (a,d) 0.08 1.30 3.05 1.83 2.49 2.50 —0.08 FM
C-1V (d,e) 1.64 0.00 2.95 1.81 2.67 2.60 —0.10 FM
C-V (d,f) 0.06 0.05 3.15 1.83 2.76 2.76 —0.04 FM
C-VI (a,g) 0.34 2.58 3.08 1.84 271 252 —0.04 FM

Figures captions

Fig. 1: Passivated AIN nanowire. The positions of Cr substitution are marked by let-

ters. The gray, blue, and white spheres represent Al, N, and H atoms, respectively.

Fig. 2: Charge density distribution in the surface plane of the (left) undoped and (right)
Cr-doped passivated AIN nanowire.

Fig. 3: (a) Total density of states of the undoped AIN nanowire. Spin-polarized (b) total
and (c) partial Cr 3d, Al 3p and N 2p density of states of the Cr-doped passivated AIN

nanowire. The vertical solid line denotes the Fermi level.

Fig. 4: Spin density distribution in the Cr-doped passivated AIN nanowire.
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Figure 4



