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Reducing the magnetic shape anisotropy of a cylindrical NiFe nanowire allows the formation of

two vortices with opposite chirality at the two ends. At relatively low aspect ratio these two

vortices are connected via a gradual rotation of the magnetization over a short region, which

forms a three-dimensional helical domain wall. Micromagnetic simulations reveal that it is

possible to control the number of helical domain walls in the cylindrical nanowire by

geometrical constrictions engineering. A technique to create constricted Ni95Fe5/Ni87Fe13
multilayered nanowires is demonstrated, and magnetic force microscopy imaging was carried out

to confirm the prediction of simulated helical domain walls. VC 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4758469]

Magnetic domain walls (DWs) in planar and cylindrical

ferromagnetic nanowires have received great interest due to

their potential applications in magnetic logic and solid state

memories.1,2 Two types of DWs are generally found in a cy-

lindrical magnetic nanowire depending on the nanowire diam-

eter.3,4 For diameters less than 50nm, a transverse DW, which

magnetization at the center of the wall is directed perpendicu-

larly to the wire axis, is considered a stable configuration.

When the diameter exceeds 50 nm, a vortex DW, is found to

be more stable. Literature on the transverse DWs in cylindri-

cal nanowires is relatively more established,5–7 partly because

the magnetization in low dimensional cylindrical nanowire is

strictly confined along the nanowire long axis, and the mag-

netization and domain wall properties are very similar to those

found in planar nanowires. However, as the diameter of the

cylindrical magnetic nanowire increases, the shape anisotropy

becomes a dominant term in the equation governing the mag-

netization equilibrium.8–11 In the case of a soft magnetic mate-

rial, e.g., permalloy, the magnetization equilibrium position is

then essentially determined by the interplay between the shape

anisotropy and the exchange interaction. The magnetization is

therefore expected to curl from the end and gradually extend

to the inner part along the cylindrical nanowire, forming a

three-dimensional vortex magnetization with a clockwise or

anti-clockwise orientation at each end. Further reducing the

shape anisotropy can enhance the propagation of both vortices

towards the center of the nanowire. If the geometry of the

nanowire allows the two vortices to meet, a three-dimensional

domain wall with helical magnetization is expected to form at

the transition region.

In this letter, we use micromagnetic simulations to predict

the existence of the above-mentioned three-dimensional heli-

cal DW and to determine which parameters allow its creation.

To experimentally confirm our simulations, cylindrical NiFe

nanowires with geometrical constrictions were fabricated

using a combination of template-assisted electrodeposition

and differential etching techniques. Magnetic force micros-

copy (MFM) measurements were performed on the constricted

cylindrical NiFe nanowire to confirm the existence of the DW.

Three-dimensional micromagnetic simulations were car-

ried out by using the OOMMF package.12 The chosen unit

cell size for all simulations is 10 nm� 5 nm� 5 nm. Shown

in Figure 1(a) are the simulated magnetization configurations

FIG. 1. (a) Simulated magnetization configuration of non-constricted cylin-
drical NiFe nanowires with diameters 150 nm, 250 nm, and 350 nm at rema-

nent state. Three-dimensional vortex magnetization with clockwise or
anticlockwise orientation is present at the ends of the nanowire, while most

of the inner part is dominated with magnetization that aligns parallel to the
nanowire long axis. When the diameter of the cylindrical nanowire

increases, the two vortices gradually extends towards the center of the nano-

wire and eventually they are connected via a helical domain wall.
(b) Simulated magnetization configuration of constricted cylindrical NiFe

nanowires with a diameter of 350 nm at remanent state; the constriction
dimensions are 250 nm and 150 nm.

a)Author to whom correspondence should be addressed. Electronic mail:
wensiang@ntu.edu.sg.
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of 3-lm-long NiFe nanowires at equilibrium for diameters

150 nm, 250 nm, and 350 nm. For a nanowire with a 150 nm

diameter, the magnetization at the center region of the nano-

wire is aligned along the long axis because of the dominant

shape anisotropy. However, at the two ends of the nanowire,

the long axis shape anisotropy influence is reduced, and the

magnetization is allowed to curl following the cylindrical

shape of the nanowire. The magnetization curls in clockwise

or anti-clockwise orientation at each end. As the nanowire

diameter is increased to 250 nm, the long axis anisotropy is

further reduced, and the magnetization curling is extended

towards the center of the nanowire, forming two distinct vor-

tices. When the diameter is further increased to 350 nm, the

shape anisotropy energy completely dominates over the

exchange energy, further extending the two vortices towards

the center of the nanowire. Connection between these two

vortices is completed via a gradual rotation of the magnetiza-

tion at the center of the nanowire; thus, the transition region

forms a helical DW. The simulation results confirm the intu-

ition of the existence of a helical DW in cylindrical

nanowires.

To control the number of helical domain walls present

in the nanowire, we chose to introduce the constrictions

along the nanowire. Introducing geometrical constrictions to

the nanowire can lead to changes in the magnetization con-

figuration. Shown in Figure 1(b) are simulated magnetization

configurations of a 2-lm-long constricted cylindrical NiFe

nanowire of 350 nm diameter, with a constriction at the cen-

ter. When the constriction diameter is 250 nm, the simulated

magnetization configuration is almost identical to that of the

non-constricted nanowire. However, when the constriction

diameter is decreased to 150 nm, additional DWs are found

to be created within the structure on both sides of the con-

striction. This is due to the interaction between the longitudi-

nal magnetization in the constriction segment and the

transverse vortex magnetization in the larger diameter seg-

ment. For every n constrictions created in the nanowire

(nþ 1) DWs are present in the nanowire structure. The num-

ber of DWs is directly related to the number of the constric-

tions in the nanowire, while the distance between the DWs

can be controlled by varying the length of the nanowire and

the constriction segment.

Shown in Figure 2 is the calculated magnetic volume

pole (Q) of a 350 nm diameter nanowire as a function of the

position along its long axis. The magnetic volume pole is

obtained by finding the divergence of the magnetization in

the nanowire (Q ¼ �r•~M). The plot reveals that negative

and positive magnetic poles are present along the nanowire,

and the crossover occurs at the center of the nanowire. The

magnetic volume pole resembles the magnetic charge.13 The

magnetic charge variation along the long axis of the nano-

wire indicates that the two vortices of different chirality pres-

ent in the nanowire can be identified by the polarity of the

magnetic volume pole. Cross sectional views of the simu-

lated magnetization configurations, from left to right along

the nanowire, are shown above the plot. It shows that along

the length of the nanowire the vortex cores of the clockwise

and anti-clockwise orientations are slightly offset from the

center of the nanowire long axis. The vortex core offset

causes an imbalance of magnetization equilibrium, thus gen-

erating net magnetic charges at different positions. Conse-

quently, the clockwise vortex configuration possesses a net

positive magnetic charge whereas the anti-clockwise vortex

configuration possesses a net negative magnetic charge. The

transition between the two vortices is marked by the cross-

over from negative charge to positive charge, which has a

length of �100 nm. Within the transition region the magni-

tude of the magnetic charges increases abruptly before drop-

ping to zero at the center. As we move from left to right

along the long axis, the abrupt increase of the charge magni-

tude at “b” and “d” in Figure 2 is due to the onset of the anni-

hilation of the anti-clockwise and clockwise vortex cores,

respectively, causing a surge of the magnetization with simi-

lar orientation. At the center (“c” in the Figure 2), vortex

core completely got annihilated which leads to the absence

of the clockwise and anti-clockwise vortices resulting the av-

erage magnetization to be zero. This fulfills the minimum

energy requirement of the magnetic system. The described

three-dimensional magnetization configuration is almost mir-

roring one another at the center of the cylindrical nanowire.

In order to confirm the simulation results, we have fabri-

cated constricted cylindrical NiFe nanowire by a combina-

tion of template-assisted electrodeposition and differential

etching techniques.14 By applying electrical potential to a

three-electrode cell, metal ions are driven into a nanoporous

template, and material is deposited to form the desired metal

nanowires. The applied potential strength and electrodeposi-

tion conditions are the key factors in determining the compo-

sition of the metal nanowires.15–19 The chosen nanoporous

template was an anodized aluminum oxide (AAO) (Anodisc

13, Whatman), and its backside was deposited with a 200 nm

aluminium layer as electrical contact. The template was

immersed in a 40ml electrolyte bath, which is composed of

FIG. 2. The calculated magnetic volume pole as a function of the position

along the long axis of the nanowire of 350 nm diameter. The magnetic vol-
ume pole value is obtained by taking the divergence of the magnetization. It

is a representation of the magnetic charge present along the nanowire, and

the pole sign indicates the chirality of the vortices formed. The transition
region between the two peaks represents the helical domain wall. Also

shown are the snapshot images of cross-sectional magnetization at various
positions from left edge to right edge along the long axis of the nanwoire.

The blue circle is the guideline for the vortex cores. The cross-sectional
images are tagged with symbols (a)–(e) to represent the corresponding mag-

netic charge variations in the plot.
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0.5M nickel sulfate, 0.01M iron sulfate, and 0.5M boric

acid (pH¼ 4). During the NixFe1�x nanowires growth at a

bath temperature 40 �C, the deposition potential was alter-

nately switched between a high potential (VH¼�1.4V),

respectively, a low potential (VL¼�1.0V) in a square wave-

form. The value of the electrical potential resulted in alter-

nating layers of NixFe1�x and NiyFe1�y, respectively, which

relative thickness depend on the duration of each plateau.

After the growth, the nanowires were released by dissolving

the AAO template in 3M NaOH, assisted by ultrasonic agita-

tion. The multilayered NixFe1�x/NiyFe1�y nanowires were

then thoroughly cleaned with deionized water before being

selectively etched by 1% HNO3 in order to fabricate the con-

strictions in the NiyFe1�y layers.

Figure 3(a) shows SEM image of the etched nanowires,

which has a modulation of diameter due to the different etch-

ing rate between the layers. The etch rate for the NiyFe1�y

layer is about 5 nm/s while that of NixFe1�x is negligibly

small. Energy dispersive x-ray (EDX) scanning measure-

ments were performed to confirm the relative composition of

the layers. The measurements reveal that the compositions

are x¼ 95% and y¼ 87% resulting in Ni95Fe5 and Ni87Fe13
in the segments deposited at VH and VL, respectively, as

shown in Figures 3(c) and 3(d). During the nanowires depo-

sition, the reduction process is in favor of Ni2þ as the poten-

tial difference is increased, giving Ni-rich layers when VH is

applied. EDX line scanning was performed across the nano-

wires, and the analysis (inset of Figure 3(c)) shows obvious

decrease of Ni concentration at the Ni87Fe13 segment while

the fluctuations of the Fe element at both segments are negli-

gibly small. The reduced diameter Ni87Fe13 structure is con-

sidered the constriction region of the nanowire, and its shape

and size along the nanowires are well defined and uniform.

Figure 3(b) shows the constricted structure of the Ni95Fe5/

Ni87Fe13 cylindrical nanowires that can be well modulated

by changing the growth rate and the etching time of the

Ni95Fe5 and Ni87Fe13 segments. Transmission electron mi-

croscopy (TEM) was also performed to visualize the nano-

wire surface morphology, as shown in Figure 3(e). The

imaging was carried out at the tip of the NixFe1�x nanowire,

and the results indicate that the nanowire is polycrystalline

with domains of ordered structures, as shown in Figure 3(f).

For magnetic property measurement, the released Ni95Fe5
(Ø¼ 350 nm)/Ni87Fe13 (Ø¼ 150 nm) nanowires were dis-

persed on a silicon wafer and aligned by a large magnetic field

of 5000Oe. Figure 4 shows the hysteresis behaviors of the

constricted cylindrical nanowires with the field applied paral-

lel or perpendicular to the nanowire long axis, measured by

alternating gradient magnetometer (AGFM). For the field

applied along the long axis, the hysteresis loop gives a

FIG. 3. (a) SEM image of constricted

Ni95Fe5 (l¼ 125 nm, Ø¼ 350 nm)/
Ni87Fe13 (l¼ 50 nm, Ø¼ 250 nm) nano-

wires. (b) A free standing individual
strand of constricted Ni95Fe5/Ni87Fe13
nanowire with different dimension of
constriction. (c), (d) EDX measurements

of the NixFe1�x nanowire deposited at

applied potentials of �1.4V and �1.0V.
The composition is determined to be

Ni95Fe5 and Ni87Fe13. Inset shows EDX
elemental line scanning of Ni and Fe ele-

ments (Ni red, Fe blue) along the multi-
layered Ni95Fe5 and Ni87Fe13nanowires.

(e) TEM image of a constricted Ni95Fe5/

Ni87Fe13 nanowire. (f) Surface analysis
morphology at the tip of the nanowire.

The results indicate that the nanowire is
polycrystalline with an alternate segment

of Ni95Fe5 and Ni87Fe13.
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remanence-to-saturation ratio (Mr/Ms)(//) of 0.285. The

obtained loop shape is relatively rectangular, which indicates

that the easy axis is aligned along the long axis of the nano-

wires. When the field is applied perpendicularly to the nano-

wire axis, a sheared loop with a Mr/Ms(?) ratio of 0.095 is

obtained, which is a characteristic of hard-axis switching in

the nanowires. The hysteresis behaviors of the non-constricted

nanowire are found to be similar to that of the constricted cy-

lindrical nanowire.

Magnetic force microscopy (MFM) scanning (Veeco

Dimension 3100) was carried out on the constricted and

non-constricted NiFe nanowires. A lift-scan-height of

50 nm20 was chosen to optimize the magnetic signal. The

nanowire samples were first magnetically saturated with a

large external field of 5000Oe along the nanowires long

axis. The field was then removed so that the magnetizationFIG. 4. Hysteresis loop measurements of the constricted Ni95Fe5/Ni87Fe13
nanowires with a magnetic field applied parallel, H (//) and perpendicular, H

(?) to the nanowire axis.

FIG. 5. (a) MFM image of the non-constricted cylindri-

cal NiFe nanowire. Dark and bright magnetic contrasts
shown at the two ends of the nanowire indicate the

presence of two magnetic vortices with different chiral-
ities. Also shown is the magnetic charge calculation

along a non-constricted cylindrical nanowire. As the

strength of the magnetic charges is proportional to the
stray magnetic fields generated by the vortex magnet-

ization, the magnetic charge property shown in the plot
gives clear understanding of the magnetic contrast ob-

servation in the MFM image. (b) MFM image of the
constricted cylindrical NiFe nanowire. The periodical

bright and dark contrast spots represent the two differ-

ent chirality vortices formed along the nanowire. A
close-up view of the MFM image and a simulated mag-

netization configuration are shown for comparison. The
boundary between the dark and bright spots indicates

the helical DWs present in the constricted cylindrical
nanowire. Shown below is the plot of magnetic charge

variation at a single constriction section of along the

constricted cylindrical nanowire. Helical domain walls
are present at location 1 and 2, and C is the constricted

region.
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of the nanowires relaxed to its remanent state. Figure 5(a)

shows the MFM image of the non-constricted cylindrical

NiFe nanowire of diameter 250 nm. Dark and bright mag-

netic contrasts are observed separately at the two ends of

the nanowire due to the attractive or repulsive interaction

between the tip and local magnetization of the nanowire,

indicating the presence of opposite magnetic charges. Also

shown is the calculated magnetic charge along the 250 nm

diameter cylindrical nanowire. From the plot, the magnetic

charges can be ascribed to the curling of magnetization in

vortex configuration with two different chiralities. The stray

magnetic fields generated by clockwise or anticlockwise

vortex magnetization are directly detected by the magnetic

cantilever to produce the magnetic contrast. The image also

reveals that the inner part of the nanowire between the two

vortices has homogenous neutral contrast, and zero mag-

netic charge is found at the center of the nanowire which is

an indication of a single-domain state. In principle, there

should be no contrast at the single domain state, but the

shown weak neutral contrast is attributed to the residual

topographic interactions between the tip and the nanowire.

Therefore, the observed MFM scanning supports the simu-

lated magnetization configuration and the calculated mag-

netic charge along the non-constricted nanowire that the

nanowire is composed of two vortices of opposite chirality

separated by single domain state at the center.

Shown in Figure 5(b) is the MFM image of a constricted

cylindrical NiFe nanowire. The image shows a series of

alternate bright and dark contrast spots are present along the

nanowire, which is markedly different from the magnetic

image of the non-constricted nanowire. The dark and bright

magnetic contrasts present in the nanowire indicate that two

opposite magnetic charges present not only at the edges but

also along the nanowire due to the constrictions. It reveals

that clockwise and anti-clockwise vortices are present

throughout the nanowire when the constrictions are intro-

duced. Shown below the MFM image is the calculated mag-

netic charge of a multi-constriction cylindrical nanowire,

and a single-constriction section of the calculation is plotted

for analysis. In the non-constricted sections, the crossover of

negative to positives magnetic charge indicates the presence

of the helical domain wall, and, in this instance, it happens at

location 1 and 2, as shown in the simulated magnetization

diagram. The MFM scanning supports the simulation results

of the formation of vortices throughout the constricted nano-

wires. The boundary between the dark and bright contrasts is

the helical DW that connects the magnetization rotation

from the anti-clockwise vortex to the clockwise vortex.

In conclusion, a three-dimensional helical domain wall

had been simulated in cylindrical NiFe nanowire to connect

clockwise and anti-clockwise vortex magnetizations that

propagate from each end of the nanowire. The formation of

such helical domain wall can be controlled by introducing

constrictions with diameter less than 150 nm within the

nanowire structure. We have demonstrated a technique to

fabricate such constricted NiFe nanowire, and our helical do-

main wall micromagnetic simulations are confirmed by

MFM measurements.
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