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Spin transport properties of magnetic nanowire systems—atomic-sized AlN nanowires with additional Mn impurities—are
investigated employing ab initio constrained spin density functional theory calculations and nonequilibrium Green’s functions
formalism. The analyzed nanowire structures exhibit a stress-induced phase transition, between würtzite and graphite-like
configurations. In these quasi-one dimensional systems, the surface states ensure the basic prerequisite in establishing spin and
charge transfer, by reducing the relatively large bandgap of the group III nitride semiconductor. The results show in how far this
phase transition affects the surface states, focusing on the consequences which appear in the spin-filtering processes.

1. Introduction

Group-III nitride nanowires provide nowadays a vast number
of applications, ranging from chemical [1, 2] and temperature
sensors to nanomechanical resonators, thermoelectrical [3]
and field emitter [4] applications. In particular, since AlN
is a wide bandgap (∼6.2 eV) semiconductor, it has become
a strong candidate for optoelectronic devices in the UV
regime. AlN nanowires are currently produced by a number
of techniques, such as self-patterning [5], direct arc discharge
[6], or from Al powder [7]. Moreover, inserting transitional
metal (TM) impurities (e.g., Mn), attempts have been made
in order to produce ferromagnetic quasi-one dimensional
diluted magnetic semiconductors [8].

Although the native structure of bulk AlN is würtzite
(WZ, space group 𝑃6

3
mc), it was established that ultrathin

nanowires occur naturally in a graphite-like (GL, space group
𝑃6

3
/mmc) phase [9–11]. However, upon applying pulling

stress, the structures may retain the WZ configuration.
Switching between these two configurations can occur due to
thermal fluctuations or mechanically induced stress and this
has a large impact in both charge and thermal transport.

The surface states play a significant role in the conduction
properties of the nanowires, as they reduce the wide bandgap,
which is found in the bulk semiconductor. In contrast to

bulk AlN, which has rather good insulating properties, the
atomic sized nanowires can achieve reasonable conduction.
Therefore, the structures can be regarded as viable solutions
for the active region in field effect applications. It is also
important to emphasize that it is essential for the nanowire
systems to retain a small bang gap (up to ∼1-2 eV), that is,
semiconducting behavior, in order to have an efficient field
effect control exerted by an external gate.

TheAlNnanowiresmay also provide the low dimensional
building blocks for the future spintronic devices, since fer-
romagnetic ordering has been observed in the bulk semi-
conductor, doped with Mn impurities [12]. Specific studies
on nanowire systems report experimental observation of
ferromagnetic ordering [8], as well as the influence of thewire
passivation on the stability of the ferromagnetic ground state
using ab initio investigations [13]. Nonmagnetic dopants, for
example, Mg, can produce unconventional magnetism in
AlN nanowire systems, due to the interplay between the low
dimensional effects generated by confinement and surface
states [14].

In this paper the spin filtering effects are investigated in
AlN atomic-sized nanowires with additional Mn impurities,
with the main focus on the differences which arise by
switching between the two structural configurations,WZ and
GL.The GL phase corresponds to the freestanding nanowire,



2 Journal of Nanomaterials

Figure 1: PristineWZ nanowire and structures with one or twoMn
impurities.

Figure 2: Pristine GL nanowire and structures with one or two Mn
impurities.

while the WZ phase is obtained by tuning the applied
axial stress. The contribution of the surface states to the
spin transport is comparatively analyzed. The results convey
the possibility of using AlN nanowires as nanomechanical
spintronic devices, where the spin detection can indicate the
magnetic and structural state of the system.

2. Structures and Methods

The structures considered are AlN nanowires with one or two
additional impurities, depicted in Figures 1 and 2. The GL
configurations correspond to free-standing wires, while the
WZ structures are obtained by applying an external pulling
stress. The nanowires are functionalized by introducing
additional Mn impurities on the surface. Depending on the
magnetic moments of the impurities the two components of
spin current are scattered differently. For the systems consid-
ered here it is expected that the transmission is less affected
compared to structures with substitutional TM impurities.
However, one needs to asses in how far the adatoms can
still produce a reasonable spin current polarization and,
furthermore, evaluate the potential differences introduced by
switching between the two structural configurations.

The ab initio calculations are performed in the frame-
work of density functional theory (DFT), using the SIESTA
package [15]. The magnetic structures are investigated using
constrained spin-DFT calculations, in the local spin density
approximation (LSDA), with the parametrization proposed
by Ceperley and Alder. In the supercell approach imple-
mented by SIESTA, the real space grid was set by a cutoff
energy of 300 Ry, and a Monkhorst-Pack scheme to 1 ×
1 × 5 𝑘-points was considered. In order to obtain the
atomic coordinates, structural relaxations are performed.The
starting point is the pristine AlN nanowire in the WZ phase,
which is the native configuration of the bulk material. The
initial lattice parameters correspond to the bulk system, that
is, 𝑎WZ
0
= 3.112 Å, 𝑐WZ

0
= 4.982 Å.The system is relaxed using

a maximum displacement of 0.1 Å until the forces are less
than 0.04 eV/Å.The final configuration obtained for the free-
standing wire is the hexagonal GL phase. In the GL structure
the Al and N atoms are placed in alternating positions in
hexagonal layers, with the lattice constant 𝑎GL

= 1.97 Å,
that is, the in-plane distance between two successive Al and
N atoms. The distance between the hexagonal layers, which
are equally spaced, is 𝑐GL

= 1.87 Å. The lattice constant
along the wire direction is therefore reduced from 4.982 Å
to 2𝑐GL

= 3.74 Å. However, by applying a pulling force
of 0.40 nN, the wire retains the original WZ configuration,
with slightly modified lattice parameters, 𝑎WZ

= 2.79 Å,
𝑐

WZ
= 4.86 Å.The lattice parameters generally depend on the

applied axial stress.
The spin dependent transmission functions are extracted

using the non-equilibriumGreen’s functions (NEGF) formal-
ism, which is implemented in TRANSIESTA [16].The scatter-
ing region consists of four unit cells, with a total of 48 atoms
and it is coupled to the left/right semi-infinite electrodes.The
effects introduced by the additional Mn impurities, which
are present on the nanowire surface, can be observed in the
calculated transmission functions corresponding to the two
spin channels, 𝑇

↑
and 𝑇

↓
.The total transmission function can

be found for a total energy 𝐸 using the relation

𝑇 (𝐸) = Tr [Γ
𝐿
𝐺

𝑟
Γ

𝑅
𝐺

𝑎
] , (1)

where 𝐺𝑟/𝑎 are the retarded/advanced Green’s functions and
Γ

𝐿/𝑅
are the self-energies corresponding to the couplings with

the two contacts. In linear regime, the efficiency of a spin-
filter device can be defined using the transmission of each
spin component [17]:

𝑝

𝑠
=

𝑇

↑
− 𝑇

↓

𝑇

↑
+ 𝑇

↓

, (2)

where 𝑠 indicates the structural configuration, 𝑠 = WZ,GL.

3. Results and Discussion

As it was already pointed out in the introduction, the surface
states which appear in the considered quasi-one-dimensional
structures effectively reduce the bandgap of the aluminium
nitride. Figure 3 shows the total and partial densities of
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Figure 3: Total (black) and partial density of states for WZ and GL
structural configurations.The contribution of the𝑝 orbitals of nitro-
gen (green) and 𝑠,𝑝 orbitals of aluminium (red) are represented.The
arrows mark the minibandgaps between the valence band and the
first group of surface states.

Figure 4: Spin densities for nanowires in the WZ configuration,
with one and twoMn impurities. Both ferro- and antiferromagnetic
configurations are indicated.

states (DOS) of the ideal nanowires, for the two structural
configurations. One can see that the mini-bandgaps which
appear, 𝐸WZ

𝑔
≈ 1.2 eV and 𝐸𝐺𝐿

𝑔
≈ 2.5 eV, are significantly

smaller than the bandgap of bulk AlN. In both WZ and GL
phases, the valence band is formed by 𝑝 orbitals of nitrogen.
For the WZ nanowire the first group of surface states is
formed by both 𝑠 and 𝑝 orbitals of aluminium, while for
the GL configuration there is also a noticeable contribution
from the 𝑝 orbitals of nitrogen. It is important to note that
in the case of WZ nanowire there is an effective bandgap
comparable with the one of bulk silicon, which suggests the
atomic sized structure is suitable for spin and charge transfer
applications.

Next, by introducing the Mn adatoms, the spin densities
are comparatively analyzed for WZ and GL structures and a
clear qualitative difference can be observed in Figures 4 and

Figure 5: Spin densities for nanowires in the GL configuration,
with one and twoMn impurities. Both ferro- and antiferro-magnetic
configurations are indicated.

5. For the two impurity cases, both ferro- (FM) and antiferro-
magnetic (AFM) configurations of themagneticmoments are
investigated. As expected, the spin polarization is maximum
at the location of the magnetic impurities. In the case of WZ
nanowire, there is also a large polarization of neighboring Al
and N atoms, which are otherwise nonmagnetic. Opposite
spin polarizations can be observed at the first and second
order neighbors. This is in contrast with the case of the GL
structure, which has better insulating properties and the net
spin density remains confined at the magnetic adatoms. In
the case of two impurities, placed symmetrically to one of
the planes which bisect the structures in two identical halves,
a mirrored symmetry in the spin density can be noticed.
This has consequences in the spin transport, where both
components of spin current are equally transmitted, that is,
the net spin current is zero. Thermal excitations as well as
small magnetic fields can switch the magnetic state of the
impurities from FM to AFM, turning on and off the spin
current. This suggests the possibility of using the considered
magnetic nanowires as building blocks for high sensitivity
temperature and magnetic field sensors.

The spin resolved transmission is depicted in Figures 6
and 7, for systems with one and two magnetic impurities,
respectively. The pristine non-magnetic nanowires are first
analyzed in both WZ and GL configurations. In this case
each propagating mode adds one unit plateau to the total
transmission. The ideal transmission follows closely the
density of states plotted in Figure 3. The adatoms placed
on the nanowire surface introduce a selective scattering
on the two spin components, depending on the preset
magnetic configuration. Contrary to the situation where the
magnetic impurities are placed substitutional, in this case
the transmission is rather close to ideal. More significant
scattering is visible in the energy range corresponding to the
first group of surface states. The mini-gaps are consistent
with the previously obtained values from the DOS analysis.
For the systems with the pair of magnetic impurities in the
AFM configuration, there is a rather similar transmission
functionwith the one indicated in Figures 6 and 7, withmajor
qualitative difference that in this case one has 𝑇

↑
= 𝑇

↓
.

The spin polarization depends on the intricate scattering
processes, which follow from the addition of magnetic impu-
rities and which are also dependent on the magnetic configu-
ration.Due to the sharp variations present in the transmission
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Figure 6: Transmission versus energy for nanowires in theWZ and
GL configurations: pristine nanowire (black) and nanowires with
one Mn impurity; 𝑇

↑
(red) and 𝑇

↓
(blue) are represented.The Fermi

level is located at 𝐸 = 0.

functions, polarizations close to unity are possible. However,
they occur on small energy ranges. Therefore the data
indicated in Figure 8 was averaged on energy intervals of ∼
25meV, consistent with realistic thermal fluctuations. By this
procedure, spin polarizations above 20% can still be achieved
for the GL structures. Focusing on the first group of surface
states, one can notice that the differences between the one-
and two-impurity cases are smaller for the GL structure,
when compared to its WZ counterpart. This indicates the
potential robustness of the spin characteristics with respect
to adding one extra impurity.

To conclude, both WZ and GL structures with Mn
adatoms exhibit reasonable transmission and are able to
produce detectable spin polarization. The reduced bandgaps
offer the possibility of using the magnetic AlN nanowires in
spintronic field effect applications.

4. Conclusions

AlN nanowires with Mn adatoms are investigated using con-
strained spin-DFT calculations.Thephase transition between
the würtzite and graphite-like configurations is discussed in
the context of exploring the spin transport properties. A gen-
eral feature of the analyzed quasi-one dimensional structures
is the reduction of the band gap, down to ∼1.2 eV for the
WZ nanowire. Consequently, although bulk AlN is a wide
bandgap semiconductor, it is suitable for atomic sized devices
which employ the field effect. With the additional impurities
placed on the surface of the nanowires, the scattering is
reduced and the transmission is at a significant ratio, when
compared with the ideal case. However, one or two Mn
impurities in the ferromagnetic configuration still provide a
reasonable spin separation and the net currentmay be further
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Figure 7: Similar data as in Figure 6 for nanowires with two Mn
impurities, in the ferromagnetic configuration.
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Figure 8: Spin polarization (absolute value) for WZ and GL
nanowires with one (black) or two (red) impurities. The arrows
indicate the mini-bandgaps.

manipulated in a spintronic device. Taking advantage of the
symmetries, it was shown that the considered structures in
the antiferro magnetic configurations provide zero net spin
current. By switching the magnetic states of the impurities, a
detection mechanism is provided. Applying axial stress, the
changes in the spin transfer characteristics can be pointed
out. The analyzed nanowire systems can therefore provide
the building blocks for integrating both nanomechanical and
spintronic devices.
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