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We describe a magnetic shape memory alloy, in which it is the nanostructural confinement that influences both the crystal geom-
etry and the electronic and magnetic properties. We use calculations from first-principles on shape memory MnAs nanowires to
study the influence of strain on the resulting crystallographic phases, which arise at their surfaces. We show that MnAs nanowires
as thin as two nanometers can be stable in a new crystal geometry which is induced by one-dimensionality and hence is unknown
in the bulk, typically hexagonal. The changes between phases caused by differences in strain require the existence of twin do-
mains. Our analysis suggests that the strain-induced structural transition -that is here described for MnAs compounds- could be
applied to other (magnetic) shape memory nanowire systems for applications in a range of devices from the mechanical to the
magneto-electronic.

1 INTRODUCTION

Nanocrystalline structures such as quantum wires are attrac-
tive because of their particular properties that arise from low
dimensionality and quantum confinement which make them of
interest in the design of new nanodevices.1–5 These nanocon-
tacts, when synthesised from semiconductors such as Si,6

CdS7 in group II-VI, and GaN8 in group III-V, show consid-
erable promise in nanoelectronics. Ferromagnetic nanowires
fabricated using the traditional materials Co, Fe and Ni9–11

and some alloys such as MnAs12 may well be of some use
in ultra-high density recording devices11,13 and in nanomag-
netism. In the field of study that lies between semiconduc-
tor electronics and magnetism, one-dimensional nanostruc-
tures made of magnetic materials add to the set of interest-
ing functionalities of spintronics. Wires that are made entirely
of diluted magnetic semiconductor GaAs:Mn have already
been grown.14 At epitaxial semiconductor-magnet interfaces,
semiconductor wires have magnetic dots of shape memory al-
loy MnAs15 attached to them, or they are fully covered with
MnAs wires around cores of III-V semiconductor GaAs.16

Ferromagnetic nanowires made of MnAs are also fabricated
on GaAs surfaces using lithographic12 and epitaxial17 tech-
niques. In all cases, the resulting MnAs/GaAs heterojunc-
tions are clean, atomically sharp, and thermodynamically sta-
ble.18,19 In these hybrid systems, magnetic shape memory al-
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loys such as MnAs are easily grown on semiconductor sur-
faces due to their commensurability at the interface. Shape
memory nanostructures made of MnAs can be subject to con-
siderable strain because of confinement, and in the same way
the application of strain will induce changes in other prop-
erties, as previously found in semiconductor nanocrystals.20

The theoretical study of nanowires made of magnetic shape
memory alloys is therefore necessary. We focus on MnAs
as a prototype material. In nanowires, its major advantage
as compared with nonmagnetic shape memory alloys, such
as CuAlNi, is the spin-polarized electronic structure which
further depends on the crystal phase, of interest to nanomag-
netism and spintronics. Furthermore, such wires are expected
to change their magnetic properties by mechanical loading,
what could be beneficial for sensors.

Magnetic shape memory alloys may be grown relatively
easily on semiconductor surfaces due to the softness of their
phase transitions, which involve several crystal structures.
This softness comes from the reversible transformation be-
tween a high-temperature phase (known as austenite) and a
low-temperature phase (martensite).21 Recent experimental
work has shown that the two phases are involved in the non-
magnetic shape memory ternary alloy CuAlNi and are more
stable in nanoscale pillars than they are in the bulk.22 In the
case of the magnetic shape memory alloy MnAs, the high-
temperature and less-ordered orthorhombic phase changes at
low temperatures to an hexagonal NiAs-type ferromagnetic
phase.23 The two structures are related by a shear of the
atomic lattice, together with a relaxation of the atoms in
the unit cell. Above 318 K, the hexagonal symmetry is
transformed into the orthorhombic MnP-type, and the fer-
romagnetic order of the Mn spins changes to antiferromag-
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netic, with a random distribution of spin-up and spin-down
Mn planes.24 This hexagonal-to-orthorhombic transformation
yields a shape-memory effect in MnAs.23 Although zinc-
blende MnAs is unstable in the bulk, it has been success-
fully grown in the form of quantum dots25 and thin films.26

In the present context of magnetic nanowires of shape mem-
ory MnAs, we herein address the important question of the
stability of the crystal phases under confinement, and how the
crystal structure affects their electronic and magnetic proper-
ties.

We herein discuss our investigation of polymorphic MnAs
shape memory nanowires using density functional theory. In
particular, we address the geometrical stability of hexagonal
NiAs-type and zinc-blende crystal structures. Surprisingly, the
most stable one is neither the hexagonal nor the zinc blende,
but a different phase induced by the low dimensionality of
the MnAs nanowires. This ground-state structure is charac-
terized by eight nearest neighbors around the high-symmetry
central column of Mn atoms, and it is orthorhombic far from
the surface. This new geometry is hereafter referred to as
”8-index”. The fact that the crystal ground state is neither
hexagonal nor zinc-blende is unexpected, and illustrates the
way in which strain plays an important role in the stabiliza-
tion of one-dimensional crystalline semiconductors. In order
to understand this confinement-induced behavior, we analyze
strain in ferromagnetic MnAs nanowires using their associated
winding numbers,27 and show that MnAs nanowires cannot
be continuously deformed from the 8-index phase into zinc-
blende due to different winding numbers. The formation of ei-
ther dislocations or twins in the zinc-blende phase under strain
therefore justifies the consideration of a different energetic or-
der. In addition, we show that ferromagnetic MnAs nanowires
are metallic in the 8-index phase, with large carrier velocities
at the Fermi energy, while the hexagonal and cubic phases are
half-metallic. The size of the nanowires is crucial for their
properties: For larger wires, it is expected to recover the bulk
behavior of MnAs magnetic shape memory alloy, as confine-
ment effects gradually disappear.

2 THEORETICAL AND COMPUTATIONAL
DETAILS

We start our investigation of the threefold polymorphism of
ferromagnetic MnAs nanowires by relaxing two bulk-like in-
put geometries, namely hexagonal and zinc-blende, as de-
picted in Fig. 1. We build our nanowires from the experimen-
tal MnAs structures obtained in bulk and thin films, hexag-
onal and zinc blende, well known up to date. The MnAs
wires are then stretched or compressed. Small pseudohy-
drogens28 are included in order to avoid surface effects and
mimic the surrounding environment. We calculate their ge-

ometrical, electronic, and magnetic properties using the pro-
jector augmented-wave method, as implemented in VASP (Vi-
enna Ab-initio Simulation Package).29,30 We use the GGA+U
exchange-correlation approach31 to model the strong interac-
tions between the Mn 3d electrons through the U Coulomb
and J exchange parameters, U = 4 eV and J = 0.8 eV.32 The
accuracy and transferability of our values for U and J have
been thoroughly tested, not only in other structures with MnAs
bonds, such as (Ga,Mn)As and (In,Mn)As,32–34 but also in
other materials, e.g. MnN and (Ga,Mn)N.35 Furthermore, our
calculations with and without U produce the so called 8-index
phase as most stable phase, given in Fig 1 (c). Our results are
thus stable relative to the variation of U and J parameters. This
finding is not puzzling in view of other authors’ results for Mn
atoms in different wires also found U-independent.36 Other
parameters are fixed as in our previous works for Mn-doped
nanocrystals.37–39 The atomic positions are relaxed until the
forces on the atoms are smaller than 0.02 eV/Å. We take six k
points in the Γ-X region of the first Brillouin zone to calculate
relaxations, total energies, and charge densities, and the num-
ber is increased up to 50 in order to plot the electronic bands.
In addition, the studied wires are in the ferromagnetic configu-
ration of Mn spins, because for the three crystal phases shown
here the antiferromagnetic configuration is always less stable.

3 RESULTS

3.1 Distortions and cohesive energies: Change in the or-
der of bulk phases

Firstly, we describe zinc-blende nanowires under stretching
or compression using different c/a ratios. Our output zinc-
blende nanowires are shown in Fig. 1(a). During relaxation,
the Mn-As bonds stretch from 2.46 Å to 2.49− 2.61 Å, and
the axis length of the wire expands by 12%. The shape of the
cross section also changes from a circle to a rhombus. This
output shape justifies the more detailed analysis of zinc-blende
wires reported below. The input and output hexagonal struc-
tures are plotted in Fig. 1(b) with the ⟨0001⟩ axis being parallel
to the axis of the wire (c-plane orientation). We chose cross
sections that terminate with As at the edges because these are
more stable than those that terminate with Mn.40 During re-
laxation, the lengths of Mn-As bonds increase from 2.57 Å
to 2.64 − 2.77 Å. This large strain (3−8%) compares well
with the lattice mismatches measured at the MnAs/GaAs inter-
face (< 30%41). Due to the strain associated with relaxation,
the hexagonal wires expand along the axis by 15%. The 8-
index phase is obtained by the structural relaxation of a com-
pressed zinc-blende wire along the axis with a low c/a ratio
(c/a < 0.9). This output geometry is drawn in Fig. 1(c), to-
gether with its bulk-like zinc-blende counterpart. In the re-
laxed wires, the Mn-As bonds range in length from 2.68 Å
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Fig. 1 (Color online) Side and cross-sectional views of polymorphic
MnAs nanowires with (a) cubic zinc-blende, (b) hexagonal
NiAs-type, and (c) our new crystal symmetry, “8-index”. The Mn
and As atoms are drawn as large spheres in dark and light grey (blue
and green), respectively; and pseudohydrogen atoms with small
circles (yellow). The nanowires are plotted at the same scale. The
given inset zooms into a central Mn atom and its eight surrounding
As first neighbors, as labeled with numbers. For comparison, the
stable crystal phases are depicted as in the bulk by empty spheres.
The differences in cohesive energies per atom between the wires and
the 8-index phase are shown in meV below the cubic and hexagonal
geometries. The differences reveal that although the hexagonal
wires were more stable than zinc-blende ones, these two phases are
almost degenerate.

to 3.13 Å. Compared with the bulk-like zinc-blende structure,
the 8-index phase is contracted along the axis down to 0.53a.
These relaxed wires are characterized by eight nearest neigh-
bors around the Mn atoms in the axis. For the As and Mn
atoms that lie off-center, the coordination index is either 5 or
6, depending on their positions.

The cohesive energy per atom in the unit cell is defined
as −(E0 −∑N

i=1 E i
at)/N, where E0 is the total energy and E i

at
is the energy of the i-th free atom. The values obtained are
2.698, 2.635, and 2.629 eV for the 8-index, hexagonal, and
cubic phases, respectively. The MnAs nanowires are there-
fore more stable with the new crystal geometry than with ei-
ther the hexagonal or zinc-blende one, in this order. The fact
that a new phase that differs from the bulk hexagonal is more
stable shows the important role of strain in one-dimensional
semiconductors. Considering ”heat of formation” respect to
Mn and As, bulk does not change the 8-index as most stable
structure. Previous energy order is proper to the 1-2 nm range
because our wires have these diameters. In an intermediate
range, this energetic order would change and the one found in
bulk would be recovered by increasing the wire diameter.

3.2 Strain fields and winding numbers: Presence of dis-
locations

We then investigate further the nature of polymorphism in
MnAs nanowires by looking at their strain fields and the as-
sociated winding numbers.42 The structural relaxation of the
nanowires determine the strain vectors that form the strain
fields in their cross sections. We focus on the 8-index and
zinc-blende nanowires, as shown in Fig. 2. The strain field that
corresponds to the ground state among tried structures shows
a homogeneous expansion that can be explained in terms of
the compressed input geometry. However, the expansion for
the zinc-blende phase is clearly inhomogeneous and must be
analyzed in greater detail.

We next investigate these strain fields using homotopy the-
ory.27 This theory provides the formal basis for the precise
description of a large variety of ordered systems by means of
a vectorial function. For strain fields, the values of this func-
tion are the strain vectors that lie on circumferences centered
on the axis of the nanowire. Here, the vectorial function is
not continuous but is discretized at each atom. When viewed
counterclockwise at these strain vectors, the number of times
that they rotate is known as the winding number of the strain
field. This number is positive (negative) for counterclockwise
(clockwise) rotations. For 8-index, cubic, and hexagonal ge-
ometries, the winding numbers are 1, -3, and -5, respectively.
Using homotopy theory we know that crystal structures that
have distinct winding numbers are not homotopic, i.e., they
cannot be continuously deformed into one another. Because 8-
index and cubic structures are not homotopic, the phase tran-
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Fig. 2 (Color online) Strain fields in the cross sections of (a) cubic
and (b) 8-index nanowires. The strain vectors have been multiplied
by 2 for clarity. The numbers in the lower right-hand corners are the
winding numbers around the nanowire surfaces. They show the
number of times that the strain vectors rotate on the marked
circumferences, when viewed counterclockwise. Counterclockwise
(clockwise) rotations give positive (negative) winding numbers. The
different winding numbers suggest the presence of either
dislocations of twins in the zinc-blende wires.

Fig. 3 (Color online) Spin-polarized electronic bands calculated for
(a) cubic, (b) hexagonal, and (c) 8-index MnAs nanowires. The
shaded areas indicate the slopes for the 8-index bands crossing the
Fermi level. Note that the velocities of carriers are thus larger for
8-index wires than for hexagonal or cubic ones.

sition between them suggests the formation of dislocations,
such as twins, in the zinc-blende wires.

3.3 Magnetism

We now turn our attention to the ferromagnetism of MnAs
nanowires in more detail. The computed total magnetic mo-
ments per Mn atom are 4.00µB, 4.38µB, and 4.59µB in the cu-
bic, hexagonal, and 8-index nanowires, respectively. For com-
parative purposes, we also calculate the total magnetic mo-
ments in the bulk, obtaining values of 4.00µB for zinc-blende
MnAs and ∼3.89µB for hexagonal MnAs. This latter value is
in good agreement with other calculations,19 and close to the
experimental one for the hexagonal phase, ∼3.4µB.23,43,44 The
former is not compared because we remember that bulk zinc-
blende MnAs itself is unstable. The previous magnetic mo-
ments 4.00µB and ∼3.89µB show the same decreasing trend
as the values of 3.75µB and 3.09µB reported for bulk MnAs
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with zinc-blende and hexagonal structures,45 respectively. In
comparison with previous structural differences in the mag-
netic moments, the dependence on Mn position is smaller, of
the order of 0.1µB, and may be neglected.

The calculated total magnetic moment of 4.00µB per Mn
atom in the zinc-blende nanowires can be explained in terms
of (i) the large charge transfer of almost three electrons from
the Mn cations to their neighboring As anions,46 and (ii) the
strong p(As)−d(Mn) hybridization.47 These two effects are in
turn strongly dependent on the Mn-As bond length of ∼2.55 Å
in the zinc-blende nanowire, which is approximately 2.46 Å as
in the zinc-blende bulk.48 In terms of coordination numbers,
the total magnetic moment in the hexagonal phase should be
smaller than that in the zinc-blende structure. However, the
previous value of 4.38µB for the hexagonal wires is larger than
4.00µB for the zinc-blende ones and also larger than ∼ 3.89µB
for the hexagonal bulk. Both the charge transfer from the Mn
atoms and the p−d hybridization are reduced because of the
longer Mn-As bond length of ∼2.70 Å. Similarly, the total
magnetic moment of 4.59µB for the 8-index phase is related
to the even longer Mn-As bond length of ∼2.90 Å.

3.4 Electronic bands and spatial distributions of carriers

We finally focus our attention on the electronic properties. The
calculated electronic bands are plotted in Fig. 3 as a func-
tion of the electron wave vector along the crystal direction,
between points Γ and X. In the E(k) curves, it may be seen
that the hexagonal and zinc-blende nanowires behave as half-
metals due to a gap in the spin-down channel, and that the 8-
index ones behave as metals. We note that zinc-blende MnAs
is also half-metallic in thin films.26 From the slope of the dis-
persion curves we can also estimate the velocities of the car-
riers close to the Fermi energy. The largest slopes for both
spin components occur for the 8-index phase, as shown in the
shaded parts of Fig.3(c), arising from a larger atomic com-
pression in the crystal direction. The carrier velocities are thus
high for this new structure, higher than they are for the hexag-
onal and cubic ones. We can change the polytypism and twin
planes inside the nanowires by tuning the crystal geometry by
strain. This level of control could lead to different transport
properties and novel electronic behaviors, like that recently
found in semiconductor wires.49,50

4 Conclusions

In summary, we investigated the nature of polymorphism in
ferromagnetic nanowires of shape memory MnAs using den-
sity functional theory. We focused on MnAs as a prototype
material with major advantages as compared with nonmag-
netic shape memory alloys, related to the electronic and mag-
netic behaviors dependent on the confinement-induced crystal

phase. The experimental structures of the bulk MnAs, quan-
tum dots, and thin films are of the hexagonal NiAs and zinc-
blende type. However, the MnAs nanowires are more stable in
the so-called ’8-index’ phase induced by strain in one dimen-
sion. The 8-index geometry has been further investigated by
comparing its strain field with that of the zinc-blende wires.
The strain fields are formed by the strain vectors that arise
from the structural relaxation of the atomic positions. Using
homotopy theory,27 we obtained the strain vectors, in a coun-
terclockwise sense, that lay on the outermost circumferences
centered on the wires, and counted the number of times that
these vectors rotated. For a strain field, this number is its asso-
ciated winding number. The fact that 8-index and zinc-blende
wires have distinctly different winding numbers suggests the
formation in the latter of either twins or stacking faults. More-
over, the calculated electronic bands show that the zinc-blende
and hexagonal phases are half-metallic, while the most sta-
ble strain-induced crystalline structure is metallic and also has
high carrier velocities. Our findings thus explain the threefold
polymorphism of MnAs nanowires, their electronic and mag-
netic properties, and broaden the applicability of shape mem-
ory MnAs in nanomagnetism and spin-based nanoelectronics.
Although it is not our expertise, we could made a suggestion
based on our results to look experimentally for the 8-index
structure. Similarly to experiments,12,17 narrow wires can be
grown and then apply some compression that could drive to
the 8-index structure. Zinc-blende or hexagonal nanowires
may contain twins that could be analyzed, for instance, with
high resolution trasnmission electron microscopy (HRTEM).
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