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Modeling of hysteresis and magnetization curves for hexagonally ordered
electrodeposited nanowires

P. S. Fodor, G. M. Tsoi, and L. E. Wengera)

Department of Physics and Astronomy, Wayne State University, Detroit, Michigan 48201

~Presented on 13 November 2002!

A computational model has been developed to investigate how the magnetostatic interactions affect
the hysteresis and magnetization curves for hexagonal arrays of magnetic nanowires. The
magnetization coupling between nanowires arises from the stray fields produced by the other
nanowires composing the array such that the field at each nanowire is the sum of the external field
and the interaction field with the other nanowires. Using only two adjustable parameters: the
interaction between nearest neighbors and the width of the Gaussian distribution in switching fields
centered around the measured coercivity, simulations are compared with the experimentally
measured hysteresis and magnetization curves for electrodeposited Co0.45Fe0.55alloy nanowires with
diameters from 12 to 48 nm. Excellent agreement is found for all nanowire systems except for the
largest diameter arrays where deviations from the Gaussian distribution of switching fields need to
be considered. ©2003 American Institute of Physics.@DOI: 10.1063/1.1541643#

Recently, studies of the magnetic properties of electro-
deposited magnetic nanowires in anodic alumina1–3 and
‘‘track-etch’’4,5 porous membranes have attracted interest
due to their prospective application for high density record-
ing media. The porous template route constitutes a promising
alternative for the fabrication of magnetic nanostructures due
to its capabilities for large area and high aspect ratio nano-
patterning. Ferromagnetic transition metals can be easily
electrodeposited into these pores to form magnetic nanowires
with large uniaxial anisotropy as a result of their high aspect
ratio.

Most studies on magnetic nanowire arrays produced in
porous templates are concerned with understanding the
mechanism for the magnetization reversal in individual
nanowires and how their dimensions and microstructure af-
fect their magnetic properties. However, little research has
been conducted regarding the effect of the magnetostatic in-
teractions between the nanowires on the magnetic properties
of the arrays. Previous computational studies of the long
range magnetostatic coupling in nanowire arrays have ob-
tained only qualitative agreement with the experiments5,6 or
used systems consisting of a small number of nanowires in
order to reduce the computational complexity of the
problem7 so that no attempt could be made to compare the
simulations to the experimental data.

In this article a simple computational model will be in-
troduced that reproduces the experimental hysteresis and
magnetization curves along the easy magnetization axis for
hexagonally ordered Co0.45Fe0.55 alloy nanowire arrays. For
details regarding the preparation of the anodic alumina tem-
plates and the fabrication of the nanowires the reader is re-
ferred to Refs. 3 and 8. Briefly, ac electrodeposition in highly
ordered alumina templates prepared in sulfuric and oxalic
acid solutions is used to fabricate arrays of magnetic nano-

wires of 12mm length and diameterDp ranging from 12 to
48 nm. The pore-to-pore distanceDi is 55 and 95 nm for the
templates prepared in sulfuric acid and oxalic acid, respec-
tively. Magnetic measurements performed in a SQUID mag-
netometer show that the easy magnetization axis is along the
nanowires’ axis for all the samples studied. This is consistent
with the high uniaxial anisotropy along the length of the
nanowires arising from the large shape anisotropy and small
magnetocrystalline anisotropy measured in Co0.45Fe0.55

alloys.9 The high degree of ordering and well-defined
nanowires diameters and spacing makes the magnetic nano-
wire arrays particularly suitable for comparisons to rigorous
computational studies.

Due to the strong shape anisotropy, the individual
nanowires are considered to have square hysteresis loops
with only two stable magnetic states characterized by a
single magnetic domain extending through the entire nano-
wire for fields applied along the easy magnetization axis.
Each nanowire will be treated as a single magnetic moment
and coupled to the stray magnetic fields from the other
nanowires composing the array. Thus the field at the site(i,j)
of a nanowire will be a sum of the applied magnetic fieldH
and the interaction fields from the other nanowires compos-
ing the array:

Hi , j5H1M (
lÞ i
mÞ j

s l ,mKlm,i j , ~1!

whereKlm,i j is a geometrical coupling factor,M is the mag-
netic moment of a nanowire, ands l ,m equals 1 and21 de-
pending on the magnetization orientation along the easy
magnetization axis being parallel or antiparallel to the field.

The geometrical coupling factorKlm,i j depends in prin-
ciple on the distance between the interacting nanowires. A
simple analogy to the interaction between two parallel point
dipoles side-by-side leads to the conclusion that the couplinga!Electronic mail: wenger@physics.wayne.edu
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factor is inversely proportional to the cube of the distance
between the nanowires:

Klm,i j 5
K

Di
3
•@~ l 2 i !21~m2 j !21~ l 2 i !~m2 j !#3/2

, ~2!

where Di is the distance between the nearest neighbors.10

The factorK, which equals 1 for point dipoles, is introduced
to account for the fact that the nanowires are not point di-
poles. The magnetic field at any nanowire site(i,j) can be
then written in the form:

Hi , j5H1Hd

3 (
lÞ i
mÞ j

s l ,m

1

@~ l 2 i !21~m2 j !21~ l 2 i !~m2 j !#3/2
,

~3!

where Hd5K/(M•Di
3) is the interaction field between the

nearest neighbors and is one of the adjustable parameters in
the simulations. Thus the effect of the magnetostatic interac-
tions will be to increase the field experienced by each nano-
wire above the value of the applied field in a saturated state
and to decrease the field at which a nanowire will reverse its
magnetization. However, once the magnetization switching
takes place, the stray field of the magnetic nanowire will
oppose the reversal of the magnetization in the other nano-

wires and thus will increase the field at which their magne-
tization will be reversed. It is very important to keep in mind
that the switching field of the individual nanowires is a well-
defined characteristic determined by their internal magnetic
properties. The magnetostatic interactions only introduce an
additional term in the magnetic field, which changes the ef-
fective field perceived by a nanowire and not its coercivity.
Thus the effect of the magnetostatic interactions on the hys-
teresis loop of a large array will be to increase the saturation
magnetic field and decrease the remanence.

Typically, a 403 40 two-dimensional hexagonal array
with open boundary conditions11 is used for most of our
simulations, since arrays as large as 1003 100 are found to
give similar results while reducing the effect of the boundary
conditions. The coercivity of the nanowires forming the ar-
rays is assumed to have a Gaussian distribution with a stan-
dard deviationdHc around the experimentally measured co-
ercivity Hc for the entire array. To construct the hysteresis
and magnetization loops the external field is changed in 50
Oe steps and the effective field at the position of each nano-
wire is calculated for the new external magnetic field. If the
effective field is larger than the nucleation field of the par-
ticular nanowire, the magnetization of the nanowire is re-
versed and the magnetostatic interactions are updated. The
iteration continues until none of the nanowires changes its
magnetization. A new field is then set and the procedure

FIG. 1. Hysteresis and magnetization curves along the easy axis for samples prepared in templates with~a! Di 5 55 nm and~b! Di 5 95 nm. The lines are
best fits of the computer simulations to the data.
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repeated. The calculated curves are then compared with the
experimental results and the simulation parametersHdand
dHc are subsequently modified in order to obtain the best
agreements. A similar procedure was previously successful
in simulating data from square arrays of single domain par-
ticles prepared by interference lithography.12,13

Figure 1 displays a comparison between the simulated
curves and the experimental data. Taking into account the
simplicity of the model used, the agreement of the simulation
to the experimental data for both sets of templates is surpris-
ingly good for samples with smaller diameters. For the
samples with larger diameters, the agreement between the
simulation and the experimental data is poorer as only quali-
tative agreement is observed. It is believed that these larger
diameter samples have a more complex distribution of
switching fields and the Gaussian distribution does not truly
reflect the characteristics of the system. At the same time, it
is very probable for larger diameter samples that there is a
spread in the interaction fields as well.

As summarized in Table I, the deviationdHc in the
switching field ranges from 500 to 625 Oe. This spread is
probably due to compositional differences, crystalline de-
fects, and slight differences in the shape of the nanowires,
which affects the local anisotropy. Although no clear diam-
eter dependence is observed for the deviationdHc , the in-
teraction parameterHd increases quadratically with the
nanowire diameter for both templates as shown in Fig. 2.
This quadratic dependence is consistent with an interaction
field arising from the surface pole density (} Ms (Dp)2) for
a uniformly magnetized cylinder. However, the 1/Di)

3 de-
pendence expected for a dipole interaction field as a function
of the nearest neighbor distance is not observed. This may
result from the idealized treatment of a nanowire being a
single magnetic dipole with magnetic charges at its ends.
Recent magnetic force microscopy studies4 have shown that
magnetic nanowires can sustain magnetic domains, which
implies that the magnetic charges that give rise to the mag-
netostatic interactions between the nanowires can be distrib-
uted along the nanowire length, making a theoretical study of
the interaction strength a much more difficult task.

In summary, simulations on magnetostatically interact-
ing nanowire arrays using a simplified model that considers
dipole–dipole-like interactions have been performed. The re-
manence ratio is found to decrease, while the saturation field
increases with increasing interaction strength. The reduction
of the magnetostatic interactions in these nanowire systems
is critical in order to satisfy the technological requirement
that the nanowire switching be independent of the state of its
neighbors.

This work is supported in part by the National Science
Foundation through Grant No. DGE-9870720.
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FIG. 2. Dependence of the interaction parameterHd on the nanowire diam-
eterDp for templates withDi 5 55 and 95 nm, respectively.

TABLE I. Parameters used in the computer simulations of the hysteresis and
magnetization curves.

No.
Di

~nm!
Dp

~nm!
Hc

~Oe!
dHc

~Oe!
Hd

~Oe!

1 55 12 3500 500 125
2 55 15 3400 550 150
3 55 19 3160 600 170
4 55 26 2000 550 240
5 55 35 1740 600 365
6 95 35 2330 500 90
7 95 40 2080 625 150
8 95 46 1780 600 210
9 95 48 1700 600 230
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