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Magnetic nanowires have emerged as essential components for a broad range of applications. In

many cases, a key property of these components is the switching field, which is studied as a

function of the angle between the field and the nanowire. We found remarkable differences of up to

100% between the switching fields of different nanowires from the same fabrication batch. Our

experimental results and micromagnetic simulations indicate that the nanowires exhibit a single

domain behavior and that the switching mechanism includes vortex domain wall motion across the

nanowire. The differences between the switching fields are attributed to different cross-sections of

the nanowires, as found by electron microscopy. While a circular cross-section yields the smallest

switching field values, any deviation from this shape results in an increase of the switching field.

The shape of the nanowires’ cross-sections is thus a critical parameter that has not been previously

taken into account. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906108]

The interest in nanowire (NW)-based systems has

increased considerably during the last decade, because of

their potential applications ranging from the treatment of dis-

eases,1–3 to microfluidics,4 and spintronics devices.5,6 NWs

fabricated inside of anodic aluminum oxide (AAO) tem-

plates are especially attractive because they offer several

advantages, such as high packing density and highly ordered

distributions.7 In addition, they grow inside an isolating tem-

plate and perpendicular to the substrate. This feature, applied

to magnetic memory devices, like race track memories,8

would allow the data storage density to be increased by cre-

ating 3D storage media. In this context, it is crucial to have a

complete understanding of the magnetic behavior of individ-

ual NWs, because any memory device will be composed of

multiple individual NWs.

The objective of this paper is to offer a comprehensive

view of the reversal process in individual NWs and of the

role played by the NWs’ cross-section shape, which is

usually neglected.

Classically, the Stoner-Wohlfarth and Kondorsky mod-

els are utilized to understand the basic magnetic behavior of

a NW. Both cannot take into account some of the peculiar

properties of NWs or specific effects of cross-section shapes.

On the other hand, the micromagnetic simulations performed

here are able to reproduce the experimental results, as will

be shown later.

The distinction between Hc and Hsw should first be clari-

fied. Hc refers to the magnetic field value at which the aver-

age magnetization of a single NW is equal to zero. Hsw is the

magnetic field value at which the domain wall propagation

in a single NW is triggered, which eventually leads to a

reversal of the magnetization.

A priori, the magnetic easy axis of a Ni NW, with 160 nm

in diameter and fcc structure, is expected to be determined by

the NW’s shape, because it possesses a very small magneto

crystalline anisotropy constant ðKa ¼ �0:048� 10�5Þ.9 At

remanence, this will cause the magnetic moments to be paral-

lel to the NW’s axis. Exceptions are the NW ends, where

open vortex areas (OVA) appear10,11 to minimize the magne-

tostatic energy.

For Ni NWs with diameters greater than 50 nm, a vortex

domain wall (VDW) reversal mode is expected.10,12

Porous AAO membranes are fabricated from highly

pure (99.9995%) Aluminum discs, with 25 mm in diameter

and 0.5 mm in thickness, using a two-step anodization

process. Details of the fabrication process can be found else-

where.7 Briefly, the fabrication of the AAO membrane is

completed by an exponential reduction of the potential to

create conducting paths (dendrites) through a thin layer of

Alumina between the pores and the Aluminum layer at the

bottom of the discs. Ni NWs are grown inside the pores of

the AAO membrane by pulsed electrodeposition. In all

experiments, the NWs are dispersed on a silicon substrate

with a silicon oxide layer on top of it.

Based on their morphology, NWs produced by this

method can be divided into two parts: the main part, which

in the ideal case has a cylindrical shape; and the dendrites,

which have a root-like shape (Figure 1(a)).

To characterize the NWs’ crystal structure and their

morphology, we used a Titan CT transmission electron

microscope (TEM) from FEI and a Quanta 3D scanning

electron microscope (SEM) from FEI.

Figure 1(a) shows an example of a dendrite area. It typi-

cally consists of two to four dendrites, and their shape

slightly differs from wire to wire. Its total length is roughly

the same for all NWs and approximately 500 nm. The TEM

image in Figure 1(b) shows a cross-section of a NW. This

“real” cross-section can deviate considerably from a circular

shape, which would be expected from an “ideal” cylindrical

NW. It is the result of non-circular pore shapes, which are

commonly observed in AAO membranes.13,14 The NWs

have a smooth surface and polycrystalline Ni fcc structure

(Figure 1(d)).

Single NW magnetic characterization is performed on

12 lm long NWs via the magneto-optical Kerr effect

(MOKE) and Magnetic Force Microscopy (MFM) using a

0003-6951/2015/106(3)/032403/4/$30.00 VC 2015 AIP Publishing LLC106, 032403-1
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NanoMOKE 2VR from Quantum Design and a MFP-3D-Bio

from Asylum Research, respectively. Each MOKE loop

recorded is the result of 200 averaged loops. Hsw is extracted

by calculating the maximum of the first derivative of the raw

data. For the MFM measurement, a magnetic field is applied

to saturate the NW in a particular direction. Afterwards, the

magnetic field is removed, and the NW is imaged at rema-

nence. Then, the magnetic field is increased in steps of 40 Oe

in the opposite direction and removed to carry out subse-

quent MFM measurements. The magnetic field value for

which a change in contrast at the ends of the NW is observed

is considered as Hsw. Each MFM scan has been performed at

remanence (zero applied field), in order to avoid effects of

the stray field of the MFM tip on the NW’s switching field.

The resolution of those two methods enabled the measure-

ment of Hsw up to 70�.
As shown in Figure 2(a), Hsw increases with increasing

values of h. Interestingly, the switching field of the NWs

differs from NW to NW. The difference in Hsw between NW

1 and 5 is approximately 100% at h¼ 0�, and this difference

remains roughly constant over all angles. In the case of NW

1 and 2, the difference is roughly 100% at h¼ 0�, but upon

increasing h, the difference reduces and even inverts. The

results show that different NWs can even exhibit different

angular dependences. The inset in Figure 2(a) shows typical

hysteresis loops recorded by MOKE at h¼ 0� and h¼ 60�.
Sharp transitions between magnetic states indicate that there

is a single magnetic domain behavior. The MFM image of a

NW at remanence in Figure 2(b) confirms this result, show-

ing the typical contrast of a single magnetic domain NW.

The weak variation of the MFM contrast in Figure 2(b) is

caused by non-magnetic contributions from surface features,

which are usually more accentuated near the ends of the

wires.

The influence of dendrites on the magnetization behav-

ior of NWs has not been investigated before. However, den-

drites might be considered as shape defects, which could

significantly change the value of Hsw. To study the influence

of the dendrites, we measure Hsw as a function of h in one

NW with and without dendrites. For this purpose, approxi-

mately 1 lm of the NW including the dendrites is removed

using a focused ion beam. The effect of this length reduction

on Hsw can be neglected, since the length/diameter ratio is

still larger than 100.

A comparison of the dependence of Hsw on h of the NW

before and after removing the dendrites indicates that the

dendrites do not have a measurable effect on Hsw (Figure 3).

As a possible explanation, we suggest that dendrites behave

as pinning sites for domain wall propagation. In a NW with a

dendrite, the switching process is triggered from the end op-

posite of the dendrite. Once the dendrite is removed, the

switching can be triggered at either end at similar values of

Hsw.

To comprehend the source of the scattering obtained for

Hsw of different NWs (Figure 2) and to study the switching

FIG. 1. (a) and (c) SEM images showing: (a) A NW with dendrites; (c) An

AAO membrane coated with 6 nm, of platinum. (b) and (d) TEM images of

NWs showing: (b) a typical cross-section; (d) the diffraction pattern (inset)

of a NW section.

FIG. 2. (a) The angular dependence of the switching field (Hsw) of five sin-

gle NWs measured by MOKE. The inset shows examples of hysteresis loops

measured by MOKE at h¼ 0� and h¼ 60� (wire 2). Note, the saturation val-

ues are different, since only the longitudinal component is captured and it

decreases as h is increased. (b) An MFM image of a NW at remanence.

FIG. 3. (a) The switching field (Hsw) of a single NW measured by MOKE at

different angles (h) between the magnetic field and the NW axis, before and

after removing the dendrites. (b) Simulated Hc and Hsw for a single nanowire

(with circular cross-section) at different angles (h). (c) Simulated hysteresis

loop at h¼ 80�. (d) Zoom of the squared area in Figure 3(c).

032403-2 Vilanova Vidal et al. Appl. Phys. Lett. 106, 032403 (2015)
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field at h> 70�, we run micromagnetic simulations based on

the Landau–Lifsthitz–Gilbert (LLG) equation.15

We simulated the magnetization reversal process and its

angular dependence using the Magpar package with finite

element discretization16,17 with typical magnetic parameters

of bulk fcc Ni.12 To emulate the polycrystalline structure of

real NWs, a mesh of tetrahedra is randomly assigned. The

diameter of the simulated NWs is 160 nm, and the average

size of the mesh is 6 nm, which is approximately the

exchange length of Ni.12 The simulations are performed

utilizing a circular and a real cross-section (Figure 1(b)).

To reduce the computational requirements, the simu-

lated NW length is 3 lm instead of the original length of

12 lm. This yields only a minor reduction in the shape ani-

sotropy by 4% (see the detailed discussion in the supplemen-

tary material).18

The simulations offer a means to visualize the magnetic

moment distribution (examples provided in supplementary

material)18 and hysteresis loops. From the maximum value

of the first derivative of the simulated loops (Figure 3(c)),

we determine the Hsw values (Figures 3(b) and 4), while Hc

is obtained from the condition M¼ 0.

At h< 70�, the component of the applied magnetic field,

which is parallel to the NW axis, reverses the magnetization

via nucleation of VDWs at the NW ends, which propagate

toward the opposite sides. Nucleation of the VDW occurs

before the magnetization becomes zero; therefore, Hsw and

Hc have the same values.

At 70�< h< 90� (Figure 3), the rotation of the magnetic

moments, due to the perpendicular component of the

magnetic field, results in the average magnetic moment (par-

allel to the applied field) being equal to zero at H¼Hc,

(Figure 3(d)). However, the magnetization is still not

reversed. Upon further increase of the magnetic field, the

longitudinal component causes VDW nucleation and propa-

gation (reversing the magnetic moments). Because of this,

different values are obtained for Hc and Hsw (Figure 3(d)), a

feature that is not predicted by the Kondorsky model.

At h¼ 90�, the magnetic moments reverse via quasi-

coherent rotation, and nucleation of a VDW is not observed.

The concept of a switching field is, therefore, no longer

applicable.

As can be seen in Figure 4, the values of Hsw calculated

for the two different cross-section shapes are remarkably dif-

ferent. For h¼ 0�, the value for a NW with a circular cross-

section is 241 Oe and the one for the real cross-section is

400 Oe. In addition, the two curves of the angular dependen-

ces have different slopes, meaning that at larger values of h,

the differences increase. The Hsw values obtained from the

circular and real cross-sections define a range inside which

all of our experimental data fit. This suggests that the differ-

ent Hsw values found for different NWs are a result of their

slightly different cross-sectional shapes. While the simula-

tion with the circular cross-section yields the smallest possi-

ble values for Hsw, it might be possible to observe even

larger values than the ones found for the real cross-section,

depending on the actual cross-section shape of the NW ends.

The simulation also shows some interesting features of

the OVA. The chirality of the OVA is not defined a priori.

Thus, once the magnetic field is removed after saturating the

NW, the OVAs can have either the same or opposite chirality

(Figures 5(a) and 5(b)).

Another feature predicted by the simulation is the

increase in the OVA’s length by d� 50 nm (Figures 5(a) and

5(b)). This feature is found at high values of h and results

from the contribution of the perpendicular magnetic field

component.

Figure 6 shows the positions of the OVA cores at the

NW ends and how these positions shift depending on h and

the chirality of the OVA. This core shift becomes more pro-

nounced at higher angles. At h¼ 0�, there is no transversal

component of the applied field that could cause a shift

(Figure 5(a)).

If the OVAs have the same chirality, their cores are dis-

placed in the same direction at h greater than 0�. If the

OVAs have a different chirality, their cores are displaced

in the opposite direction. This last case is depicted in

Figure 6(b).

In this study, we analyzed the angular dependence of

Hsw and Hc of single Ni NWs. Both increased with increas-

ing h and shared the same value up to h¼ 70� beyond which

Hsw>Hc. We observed a single magnetic domain state by

MOKE and MFM, which was confirmed by simulations. The

simulations also show the magnetic reversal process, which

occurs by vortex nucleation followed by domain wall propa-

gation along the wire. The VDW chirality is determined by

the chirality of the open vortex found at the NW’s ends,

which is the result of a random process.

The simulations also indicate a dependence of the size

of the OVA at the ends of the wires on h. The OVA becomes

FIG. 4. Switching field (Hsw) values obtained by MOKE and MFM measure-

ments (dots) and by simulations (dots joined by lines) at different angles (h)

between the magnetic field and the NW axis.

FIG. 5. Magnetization of two individual NWs just before switching occurs.

(a) h¼ 0�. (b) h¼ 70�. Dashed lines indicate the increase in the length of the

OVA.
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more elongated as h increases. Due to the transverse compo-

nent of the applied magnetic field at h> 0�, the core of the

OVA shifts from the central position and the direction of

shifting is determined by the chirality.

The experimental results of the angular dependence

show that the presence of dendrites does not have measura-

ble effects. This means that a fabrication process that avoids

the formation of dendrites might not be necessary in device

production.

The shape of the cross-section of the NW strongly influ-

ences Hsw and can change its value by more than 100%. This

is an important observation that has been neglected in previ-

ous studies. It is particularly relevant from a technological

point of view, where the properties of individual NW’s need

to be taken into account for device design.
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lines indicate the center lines of the NWs. The blue arrows indicate the

OVA core displacement.
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