
Concept of a nanowire array magnetoresistance device
I. V. Shvets,a� H. C. Wu, V. Usov, F. Cuccureddu, S. K. Arora, and S. Murphy
CRANN, School of Physics, Trinity College, Dublin 2, Ireland

�Received 2 October 2007; accepted 20 December 2007; published online 15 January 2008�

We describe a concept of the magnetoresistive medium comprising of a planar array of intermingled
nanowires with pinned and unpinned magnetic moments. We propose a bottom up method of
forming the medium and demonstrate the feasibility of the proposed approach. We present the
results of the simulations of the magnetic moments in the nanowires under an external magnetic
field to illustrate the concept. © 2008 American Institute of Physics. �DOI: 10.1063/1.2834371�

Typically a magnetoresistive element consists of sepa-
rated magnetic pinned �PL� and free layers �FL�. In these
nanostructures, the magnetoresistive effect originates mainly
from spin-dependent scattering at the interface between a
PL/FL and a nonmagnetic spacer.1 Alternatively, in magnetic
tunneling junctions �MTJs�, spin dependent tunneling
through an insulating spacer leads to a large spin asymmetry
and correspondingly to magnetoresistance.2 Such giant mag-
netoresistance �GMR� and tunneling magnetoresistance
�TMR� nanoelements are fabricated using a top down
lithography-based process, leading to an out-of-plane ori-
ented array of devices commonly operated in the current per-
pendicular to the plane mode.

Recently, increasing attention has been paid to an alter-
native bulklike mechanism of spin dependent scattering due
to domain walls �DWs� in magnetic nanowires.3,4 In bulk
structures, this mechanism leads to a relatively small magne-
toresistive �MR� effect. This small effect is due to a strong
dependence of MR on the DW thickness. This dependence
has been investigated in detail theoretically,5–10 showing that
a very narrow DW leads to MR values on the order of 100%.
Since DW thickness can be significantly reduced in narrow
nanowires, nanoconstrictions, and nanocontacts, significant
efforts have been recently devoted to the fabrication and
characterization of such nanostructures. Typically, such
structures are also fabricated using top-down lithography-
based nanofabrication techniques. For the present discussion,
it is important to note that, overall, the DW scattering mecha-
nism is expected to lead to an order of magnitude smaller
MR effect than spin dependent scattering in MTJs or GMR
structures.

Here, we propose the concept of a magnetoresistive ele-
ment and fabrication approach which is attractive due to its
relative simplicity, as it does not involve multiple lithogra-
phy steps. Instead, we use the atomic terrace low angle shad-
owing �ATLAS� technique, which has the advantage of
bottom-up fabrication. We discuss the concept of the MR
nanostructure, which utilizes DW scattering where the MR is
further enhanced by creating multiple DW’s in a nanowire
array traversed by the in-plane spin-polarized electron cur-
rent. Contrary to a conventional approach of single nano-
wires, we propose using dense array of magnetic wires to
stabilize the DW network.

The proposed medium consists of a planar array of nano-
wires with a width of some 5–50 nm �Fig. 1�. Two types of
nanowires are used, the so-called spacer nanowires, marked

hatched, and magnetoresistive nanowires composed of, e.g.,
Fe or Co, marked gray. The substrate is an antiferromagnetic
single crystal, e.g., NiO. The spacer nanowires are of an
insulating or semiconductor material that destroys exchange
coupling between the substrate and the magnetoresistive
nanowire. Thus, two subsets of magnetoresistive nanowires
are formed: the nanowires positioned on the bare substrate
and the ones positioned on top of the spacer nanowires.
These are shown in Figs. 1�a� and 1�b� in the light gray and
dark gray colors, respectively. Since the magnetoresistive
nanowires of the first subset are exchange coupled to an an-
tiferromagnetic substrate, the field that is required to rotate
magnetisation in these wires is different from that of the
magnetoresistive nanowires of the second subset, which are
decoupled from the substrate by an array of spacer nano-
wires. Therefore, as the magnetic field is applied, it should
be possible to switch between the two configurations in
which the magnetoresistive nanowires of the two subsets are
magnetized antiparallel or parallel to each other �Figs. 1�a�
and 1�b�, respectively�. This medium is expected to have a
large magnetoresistance, with current passing in plane, in the
direction perpendicular to the nanowires. The rationale is
that the domain wall between nanowires is expected to be
narrow. Below we present the model to substantiate this
point. Furthermore, the material could ultimately contain a
high number of the domain walls in the path of the current,
thus providing a large signal during measurements.

The required array of nanowires could be formed on
vicinal surface by means of the ATLAS technique. Vicinal
surfaces can be formed by annealing a surface that is off cut
from a low-index orientation. It is composed of atomic ter-
races separated by steps. The width of the atomic terraces
can be readily controlled by the off-cut angle. Therefore, the
separation between the nanowires within the array and their
width could be controlled.

In the proposed ATLAS technique, a collimated beam of
evaporant atoms is directed at the vicinal surface at a shallow
angle � of only 1°–3° �Fig. 1�c��. Some areas of the atomic
terraces are exposed to the beam while others are shadowed.
The flux direction in relation to the step edges determines
what areas of the atomic terrace are exposed or shadowed.
The width of the nanowires is defined by

w = a� 1

�
−

1

� + �
� , �1�

where w is a nanowire width, a is a step height, � is a miscut
angle, and � is a deposition angle, as shown in Fig. 1�c�.
Both � and � are assumed to be small.
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The proposed spacer nanowires are to be deposited by
the ATLAS process and the magnetoresistive layer is to be
deposited by means of conventional deposition techniques.
Figure 1�c� shows the beam directed at the substrate along
the descending step direction.

We demonstrated the feasibility of forming arrays of
nanowires down to 10–30 nm width by ATLAS using two
types of substrates: Si�111� and c-plane �0001� sapphire
�a-Al2O3�.

Silver nanowires were grown on Si�111� step-bunched
surface. The substrates were prepared from Si�111� n-type
doped wafer with a 3.2° miscut along the �−1−12� direction.
To obtain a step-bunched Si�111� surface the samples were
annealed by dc current. The obtained surface morphology is
characterized by a staircase arrangement of terraces, which
are 25–30 nm wide and separated by bunches of steps with a
height of 2.5±1 nm �Fig. 2�a��.

A collimated Ag flux from an effusion cell was oriented
perpendicular to the direction of the step edges in the de-
scending step direction at 1°–2° to the sample surface. Fig-
ures 2�b� and 2�c� show the silver nanowires deposited at
�=1.2° deposition angle. The wires’ average height, width,
and separation are 2, 15, and 30 nm, respectively. It is inter-
esting that the height of the nanowires, some 2 nm, is well in
excess of a single atomic layer. The width of 15 nm is ap-
proximately a fivefold reduction in size compared to existing
benchmark results for nanowire arrays produced by deposi-
tion at shallow angle.11

In another series of experiments, we used the substrate
of �-Al2O3 c-plane �0001� sapphire with a 3° miscut along
the �1-210� direction. To form the atomic terraces, the sub-
strate was annealed in the air at 1100 °C. A flux of colli-
mated Co atoms was used. Figure 2�d� shows the represen-

FIG. 1. �Color online� Schematics of the MR medium
showing the magnetization of the nanowires for �a� an
applied magnetic field �a� smaller and �b� larger than an
exchange bias field �c� schematics of deposition of
nanowires on the outer step edges of a vicinal surface;
the beam is directed at a shallow angle � along the
descending step direction.

FIG. 2. �Color online� �a� 135�135 nm2 derivative
AFM image of an array of bunched steps on a miscut
Si�111� surface. Light stripes are flat Si�111� terraces
while the darker regions correspond to the bunched
steps; the inset is a schematic along the direction of a
miscut marked in �a� by an arrow. �b� 250�250 nm2

AFM image of a planar array of Ag nanowires grown at
�=1.2°. �c� A line profile along the direction of a mis-
cut marked in �b� and a schematic of an underlying
Si�111� bunched substrate. �d� AFM image of Co nano-
wires deposited on miscut c-plane �-Al2O3.
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tative area of the sample. The nanowires formed in this
experiment had the width of 17 nm.

We simulated the formation of a domain wall in the
structure as described in the letter using micromagnetic cal-
culation �OOMMF code�.12 For the sake of simplification, we
consider a single MR unit cell comprising of two nanowires,
one pinned nanowire and one unpinned nanowire ferromag-
netically coupled to each other. The dimensions of each of
the nanowires are 250�50�5 nm. The strength of antifer-
romagnetic coupling between the pinned nanowire and the
antiferromagnetic material was introduced by a bias field
which was adjusted in the range from 250 to 1250 Oe. Four
energies are considered: exchange energy, anisotropy energy,

magnetostatic energy, and Zeeman energy. We used the fol-
lowing parameters for Ni: Ms=493�103 A /m, A=7.2
�10−12 J /m, cubic anisotropy constants K1=−4.5
�103 J /m3, K2=−2.5�103 J /m3, and a large artificial
damping coefficient 0.5. Figure 3�a� shows the results of a
calculation for the case of the bias field applied to the pinned
Ni nanowire of 375 Oe. Figure 3�b� shows the numerically
simulated magnetic domain wall thickness as a function of
the exchange bias field. The domain walls for strongly
pinned nanowires are much narrower than the Bloch walls
for Ni. The domain wall as narrow as 5–7 nm �Fig. 3�b��
should correspond to the estimated MR value of 15–100%.13

The width of the domain wall could be further reduced due
to the breakdown in the exchange interaction between the
neighboring nanowires resulting from the structural defects
that are known to exist along the atomic terrace step edge in
ultrathin films.

We proposed the concept of a magnetoresistive medium
utilising a planar array of ferromagnetic nanowires. The me-
dium is based on pinning the magnetic moment of every
second nanowire in the array and thus engineering the width
of the domain wall. We proposed the method of fabrication
of the medium, utilising a vicinal substrate, and demon-
strated its feasibility.
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FIG. 3. �Color online� �a� Hysteresis loop simulation for a Ni film separated
into two nanowires �250�50�5 nm�. The insets are the vector maps for
different external fields; the cross section is along A-A plane �Fig. 1�a��
perpendicular to the nanowire length. �b� Simulated domain wall width as a
function of bias field for a domain wall between neighboring nanowires
having pinned and unpinned magnetic moments. A bias field applied to the
pinned nanowire is 375 Oe.
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