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360�, 540�, and other complex transverse domain walls have been created in narrow cobalt wires

connected to injection pads by cycling a magnetic field perpendicular to the wire length. The

composite walls, formed by impingement of 180� transverse walls of alternating chirality, are

stable over a wide field range. The structure of the walls observed at remanence by scanning

electron microscopy with polarization analysis and by magnetic force microscopy is in good

quantitative agreement with the prediction of micromagnetic simulations. VC 2012 American
Institute of Physics. [doi:10.1063/1.3681800]

360� domain walls (360DWs) represent a special class

of walls separating magnetic domains that have parallel mag-

netization directions. The formation of a 360DW does not

significantly reduce the stray field of a magnetized material,

and the 360DW itself has a wall energy. 360DWs, therefore,

increase the total energy of a magnetic system and, as a

result, may be expected to be rare. However, 360DWs have

been commonly observed in a range of thin film magnetic

materials.1–4 They are metastable and can be present over a

wide range of fields, including at remanence. In a continuous

thin film, 360DWs can be formed when Bloch lines present

in 180� Néel walls are pinned at defects. An applied field

then causes the impingement of two 180� Néel wall seg-

ments with the same sense of rotation (‘winding walls’).2–5

Once formed, 360DWs require a high field to annihilate

them, and they have profound effects on the subsequent re-

versal behavior of the film.

The formation of 360DWs in patterned magnetic films

and multilayers has been investigated more recently.6–12 Pat-

terned films are important in a range of magnetic devices,

including magnetic random access memories13 and domain

wall devices such as DW logic14 or racetrack memory15 in

which 180� walls (180DWs) representing bits of data are

moved around a magnetic circuit, and rotation sensors16

where a rotating magnetic field injects 180DWs into a wire.

In patterned structures, 360DWs often form by the combina-

tion of two winding 180� Néel walls, for example, when one

180� wall moves around a thin film ring and meets another

180� wall17 or when 180� walls are successively injected

into a wire by a rotating field.18 As in the case of continuous

films, the presence of 360DWs in patterned films dramati-

cally affects the switching behavior, but in addition, the stray

fields produced by the 360DWs can affect the behavior of

adjacent magnetic layers.9 This magnetostatic interaction

could be used to provide a programmable pinning site for

wall motion in an adjacent layer, for example. Additionally,

modeling shows that the current-induced domain wall

motion of a 360DW differs qualitatively from that of its con-

stituent 180DWs,19 and therefore the combination of

180DWs into 360DWs will have a major effect on the opera-

tion of devices based on current-driven domain wall motion.

It is, therefore, important to understand the formation,

the structure, and the stray field distribution of 360DWs in

narrow magnetic thin film stripes. In this article, the forma-

tion of 360DWs, 540� walls (540DWs) and other complex

domain wall structures is demonstrated by injection of

180DWs from a circular pad into a narrow wire using an

alternating in-plane field. The magnetization orientation

within the wall is investigated using scanning electron mi-

croscopy with polarization analysis (SEMPA), the magnetic

field distribution is imaged using magnetic force microscopy

(MFM), and the structure and stray fields are compared with

micromagnetic simulations.

The structure consisted of a circular pad attached asym-

metrically to a gently curved wire, in contrast to the symmet-

rical structure used by Diegel et al.16 The asymmetrical

placement determined the chirality of 180DWs formed by

field cycling. The circular pad was 1.2 lm in diameter and

the wire was 250 nm wide, patterned on a Si substrate from a

magnetron sputtered film of Ti(5 nm)/Co(6 nm)/Au(5 nm)

by electron beam lithography and lift-off.

The magnetic states of the nanostructures were imaged

at remanence by magnetic force microscopy (MFM) using a

low-moment commercial tip scanned at 20 nm to 100 nm lift

height. In-plane fields were applied prior to imaging. SEMPA

(Refs. 20 and 21) was used to image the 3-dimensional spin

orientation of the samples. For transition metal ferromagnets

such as Co, where electron spin dominates the contribution

to magnetization, the secondary electron polarization is

directly proportional to the magnetization, and SEMPA pro-

duces an image of the magnetic nanostructure. The probing

depth of SEMPA is 1 nm; so, SEMPA measurements were made

in ultrahigh vacuum (UHV) with a base pressure less than

3� 10�8 Pa after cleaning the samples by sputtering in situ
with 800 eV to 1000 eV Ar ions while monitoring the surface

composition with Auger spectroscopy. Sputtering removed
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any oxide or hydrocarbon contamination, as well as the Au

capping layer. After cleaning, a 0.5 nm thick Fe layer was

deposited on the sample to increase the polarization contrast

and decrease charging from the surrounding SiO2. All SEMPA

images were measured at remanence. To apply magnetic

fields, the sample was transferred to an adjoining UHV

chamber, which contained an electromagnet. The SEMPA

instrument uses two orthogonal low-energy diffuse-scatter-

ing Mott polarization analyzers to measure all three compo-

nents of the polarization vector.20

To verify the formation of 360DWs in the structure,

micromagnetic simulations using the OOMMF micromagnetics

package22 were performed for a Co nanostructure which con-

sisted of a circular pad of 1.2 lm diameter connected to a

curved wire of 120 nm width, 2 lm length, and 5 nm thick-

ness. The model used rectangular unit cells of no larger than

4 nm � 4 nm � 5 nm and standard material parameters of

Co: 1.4� 106 A/m for saturation magnetization, 0.01 for the

damping constant, and 3.0� 10�11 J/m for exchange stiff-

ness. After saturation with an in plane y-direction magnetic

field (Hy) of 239 kA/m, a head-to-head transverse23 180DW

was formed in the wire at remanence, shown in Fig. 1(a). To

inject a second transverse 180DW, Hy was increased from 0

kA/m to �9.5 kA/m in 24 steps of 1 ns duration. Injection of

the second 180DW occurred at Hy¼�4.0 kA/m (Fig. 1(b))

and the two 180DWs combined into a 360 DW (Fig. 1(c)),

but the field was then increased to �9.5 kA/m in order to

eliminate the vortex from the injection pad, which was nec-

essary before additional 180DWs could be injected on subse-

quent cycles. The 360DW was stable at 9.5 kA/m. This

process could therefore be used to stack several 180DWs

into the wire by alternating Hy between 69.5 kA/m (Fig

1(d)).

To demonstrate the formation of 360DWs in an experi-

mental system, a Co sample was saturated at Hy¼ 239 kA/m,

returned to remanence to form a 180DW, and then

Hy¼�15.9 kA/m was applied to inject a second 180DW. Fig.

2(a) shows an MFM image at 20 nm tip height of the rema-

nent 360DW, indicated by the dark-light contrast. A SEMPA

image of the same sample is shown in Fig. 2(b). This is a

direct image of the surface magnetization of the sample,

which displays a continuous rotation of the magnetization

angle on traversing the wall. Fig. 2(c) plots the angle of the

magnetization as a function of distance across the wire, show-

ing that the DW has ‘tails’ extending along the wire similar to

the tails of a 180DW. The equilibrium width of the 360DW

(estimated as the distance within which the magnetization

angle changes by 80% of 360�, i.e., from �144� toþ 144�)
was� 350nm. This width is determined by a balance between

the magnetostatic interaction between the two component

180DWs, which pulls the 180DWs together, and the exchange

energy at the center of the 360DW, which pushes them apart.

The origin of the MFM contrast can be understood by

modeling the stray field of the 360DW. A micromagnetic

FIG. 1. (Color online) OOMMF model of formation of 360DW in a wire

attached to a circular pad. (a) After 239 kA/m saturation along y, a 180DW

formed in the wire, shown at remanence. (b) A further field of �4.0 kA/m

along y produced a second 180DW. (c) The remanent state showing a

360DW. (d) Repeated alternating field of magnitude 9.5 kA/m along y gen-

erated multiple domain walls. Red and blue (or greyscale shading) represent

the sign of the x-component of the magnetization.

FIG. 2. (Color online) (a) MFM data of a 360DW imaged at a tip height of

20 nm. The 360DW shows as two contiguous bright and dark contrast

regions, and the shapes of the wire and injection pad are evident. The inset

shows part of the wire segment of another sample imaged at a height of 100

nm in which two spatially separated 180DWs are present, indicated by

arrows, one with bright contrast and one with dark contrast, but they do not

form a 360DW. The contrast is weaker but a larger separation between the

dark and light contrast is evident. (b) SEMPA image of the sample of (a) with

the in-plane magnetization direction indicated on a color wheel. (c) The

angle between the magnetization and the axis of the wire, measured along

the dashed line shown in (b) (green, noisy curve) and calculated from the

micromagnetic simulation of Fig. 3(a) (blue, smooth curve). (d) SEMPA image

of the sample in the inset of (a), showing a pair of separated 180DWs. The

uncertainty in the magnetization direction for the SEMPA data is 17.1� (one

standard deviation).
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simulation of the 360DW is shown in Fig. 3(a) based on a

wire shape modeled using a mask created from two rectangles

joined with a 20� angle to approximate the curve in the wire,

digitized into 2 nm � 2 nm � 6 nm thick Co cells. Fig. 3(b)

shows the in-plane magnitude (Hx
2þHy

2)0.5 of the stray field

of the 360DW calculated at a height of 3 nm above the surface

of the Co film, and Fig. 3(c) shows the out-of-plane compo-

nent Hz. The 360DW produced a field similar to that of a

superposed dipole and quadrupole. The stray field was sub-

stantial in the vicinity of the wire but decayed rapidly away

from the wire. The MFM contrast is sensitive to the Hz com-

ponent at the scan height and produced a dark-light contrast,

which is asymmetrical with respect to the axis of the wire.24

The magnetization angle vs distance along the wire is shown

in Fig. 2(c) and agrees well with the experimental data.

In contrast to the 360DW of Fig 2(b), whose structure

agrees well with that of the micromagnetic simulation in Fig.

3(a), we also observed a wider structure shown in Fig. 2(d)

in a different sample. The MFM image of this sample, meas-

ured at a scan height of 100 nm, is shown as the inset of Fig.

2(a). The two component 180DWs are separated from each

other, presumably as a result of pinning in the wire, and this

structure does not represent an equilibrium 360DW. Unlike

the equilibrium 360DW, the structure of Fig. 2(d) was

destroyed during MFM scanning at a tip height of 90 nm,

presumably because the tip field displaced the 180DWs and

facilitated their recombination.

The injection pad/wire structure could also be used to

demonstrate the formation and stability of more complex

DWs, as predicted in Fig. 1(d). A 540DW was formed by

applying field steps in the SEMPA vacuum chamber before

imaging. Hy¼ 134 kA/m was used to create the initial

180DW, and subsequent 180DWs of opposing chirality were

injected by applying fields of jHyj ¼ 14.2 kA/m in alternating

directions. A SEMPA image of a stable 540DW is shown in

Fig. 4(a). In this case, the applied field values wereþ134

kA/m, �14.2 kA/m,þ14.2 kA/m, and �14.2 kA/m (this field

sequence could have feasibly nucleated a 720DW). MFM

imaging of the same sample cycled in a similar manner

showed only a 180DW, suggesting that the field from the

MFM tip destabilized the 540DW and led to a collapse into a

simpler structure.

Fig. 4(b) is a SEMPA image of the sample of Fig. 4(a) after

injection of a fourth 180DW. The additional wall is of the cor-

rect chirality to form a 720DW, but it was pinned before

reaching the 540DW. The sample was then reset at Hx¼�80

kA/m and cycled to introduce three 180DWs, which formed

another 540DW of opposite rotation sense to the first one,

shown in Fig. 4(c). The additional 180DW on the right of Fig.

4(c) is believed to be the remains of the original 540DW,

which was not completely eliminated at �80 kA/m. Simula-

tions of a 540DW show that it can persist until at least

Hx¼ 160 kA/m. These results demonstrate the possibility of

creating DWs of np rotation (n¼ integer) in Co nanowires.

In summary, a method is presented for forming a 360�

domain wall and more complex structures such as a 540�

wall in a wire attached to an injection pad by applying an

FIG. 3. (Color online) (a) OOMMF simulation of a 360DW in a wire. The

magnetization directions are plotted on a color wheel. (b) In-plane stray field

magnitude calculated at a height of 3 nm above the surface of the sample.

The white arrows represent the in-plane direction of the field at its greatest

magnitude. (c) Calculated z-component of the stray field at a height of 3 nm

above the surface of the sample.

FIG. 4. (Color online) (a) SEMPA image of a 540DW. (b) SEMPA image after

injecting an additional 180DW. (c) A 540DW of opposite sense to that of (a)

adjacent to a 180DW. Magnetization directions are indicated on a color

wheel. The uncertainty in the SEMPA angular data is 7.4� (one standard devia-

tion). Scale bars are 250 nm.
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alternating in-plane field perpendicular to the wire. SEMPA

and OOMMF simulations give a consistent picture of the mag-

netic structure of the 360DW. The stray field distribution of

a 360DW was modeled, and the expected MFM contrast was

observed. In this way, MFM may be used to verify 360DWs.

Equilibrium 360DWs in wires have a well-defined structure

and size, persist over a wide field range, and can be distin-

guished from configurations consisting of two 180DWs

pinned near each other. The formation and stability of these

complex walls has implications in memory and logic devices

based on field- or current-induced DW motion, where

impingement of adjacent 180DWs can produce composite

DWs whose behavior and stray field distribution differ sig-

nificantly from that of a 180DW. These structures could also

be used to examine intriguing resonant behavior as predicted

by modeling.19,25
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