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Transverse domain walls in nanoconstrictions
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The spin structure of domain walls in constrictions down to 30 nm is investigated both
experimentally with electron holography and with simulations using a Heisenberg model.
Symmetric and asymmetric transverse domain walls for different constriction sizes are observed,
consistent with simulations. The experimentally observed asymmetric transverse walls can be
further divided into tilted and buckled walls, the latter being an intermediate state just before the
vortex nucleation. As the constriction width decreases, the domain wall width decreases faster than
linearly, which leads to very narrow domain walls for narrow constrictions. © 2007 American
Institute of Physics. 关DOI: 10.1063/1.2779109兴
Control and manipulation of magnetic domain walls
共DWs兲 are in the focus of interest because of the associated
exciting physical phenomena and the potential for applications such as magnetic logic and data storage devices.1,2
Here, reproducible and controlled switching by DW motion,
induced either by an external magnetic field or a spinpolarized current, is essential.3–5 The detailed DW spin structure and width play a very important role in determining the
DW velocity in current-induced5 and field-induced motion.6,7
For very narrow walls, nonadiabatic contributions to the
electron transport are predicted to become significant,8–10
which would increase the current-induced DW velocity,
which is important for applications. Reciprocal effects of the
spin structure on the magnetotransport, such as DW magnetoresistance, also depend on the detailed wall spin
structure.11,12
On reducing the lateral dimensions, it is the geometry
rather than the material parameters which determines the
DW type and spin structure.13–16 For a one dimensional chain
model, it has been predicted that the reduction of the lateral
dimensions leads to a reduction in the Bloch DW width.13
For 180° Néel walls in Permalloy 共Fe20Ni80兲 thin film rectangular structures, the reduction of the DW width has been
studied using scanning electron microscopy with polarization
analysis with a magnetic resolution of 20– 30 nm.17 The
types of DWs confined in wires or ring elements are very
different from these Néel walls, since they exhibit head-tohead wall structures with two types prevailing: transverse
and vortex DWs.14,15 Using transmission electron microscopy techniques, the spin structure of head-to-head DWs in
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elements down to 200 nm lateral size has been measured.18
Observations of DWs in constrictions have also been carried
out to determine the pinning potential, but the detailed spin
structures and wall widths have not been ascertained.19
Employing micromagnetic simulations, the geometry dependence of the wall types 共wall phase diagram兲 has been
studied down to 20 nm width. In addition to the transverse
and vortex walls, asymmetric transverse walls were
predicted.16 In the conventional micromagnetic approach
used in Ref. 16, the exchange energy is approximated by
ជ ·m
ជ 兲2 共m
ជ is the local magnetization兲, which is the first order
共ⵜ
Taylor expansion of the dot product and only valid for small
angles between neighboring cells.20,21 However, geometrically confined DWs contain changes in the spin structure at
very short length scales.13 In order to address this problem,
an atomistic/semiclassical spin model approach can be used,
where the exchange energy is calculated as the dot product.22
In this letter, we investigate experimentally with electron
holography and with numerical simulations the spin structure
of DWs in constrictions down to 30 nm. We find three DW
types which differ in their spin configuration and we characterize them by their DW opening angle. From this an average
DW width is calculated and the dependence on the constriction width is determined. We compare the measured DWs
with the results of computer simulations using an extended
Heisenberg model.
We fabricated constrictions down to 30 nm by introducing triangular notches in curved line magnetic elements. A
schematic of such magnetic elements with element width we
and constriction width wc is shown in Fig. 1共a兲. The elements
were fabricated using electron beam lithography on silicon
nitride 共Si3N4兲 membrane substrates required for off-axis
electron holography observations, as described in Ref. 23.
This technique, with its sub-10 nm resolution allows for the
observation of the spin structure in the smallest constrictions.
Here, the magnitude and the direction of the magnetic induc-
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FIG. 1. 共Color online兲 共a兲 Schematic of the Permalloy element geometry, with element width we, constriction width wc, and notch angle of 70°. The DW
opening angle ␣DW is shown in 共b兲. 关共b兲–共d兲兴 Off-axis electron holography images of the observed transverse DW types with a thickness of 11 nm and wc / we:
共b兲 138 nm/ 400 nm, 共c兲 103 nm/ 300 nm, and 共d兲 191 nm/ 300 nm. The color code for the magnetization direction is given in Fig. 3. 共e兲 Distribution in given
ranges of wc of transverse DW types: symmetric 共black兲, asymmetric tilted 共white兲, and asymmetric buckled 共gray兲.

tion in the element are determined from the phase shift of an
electron wave when transmitted through a magnetic element.
An electron biprism splits the electron beam into two parts;
one passing through the element and the other passing
through the membrane as a reference wave. The phase information is extracted from the interference pattern, and from
this a magnetic induction map is obtained.24 The magnetic
elements consist of Permalloy films 共we = 100– 400 nm兲, deposited in an ultrahigh vacuum molecular beam epitaxy
deposition chamber, with thicknesses below 20 nm in order
to obtain transverse DWs.15 The DWs could be nucleated
using the magnetic field produced by the objective lens of
the detection microscope.
From the high spatial resolution electron holography images, we were able to determine systematically the shape of
the DWs even in the smallest constrictions. While it is already known that transverse walls are located within the constriction and vortex walls are located adjacent to it depending
on geometry,19 we concentrate on the detailed spin structure
of transverse walls in constrictions varying wc, we, and the
element’s thickness. In agreement with micromagnetic prediction of symmetric and asymmetric walls,16 we also experimentally find symmetric transverse walls 关Fig. 1共b兲兴,
asymmetric tilted 关Fig. 1共c兲兴, and asymmetric buckled transverse DWs 关Fig. 1共d兲兴. Figure 1共e兲 shows the percentage of
each wall type in different constriction ranges. In line with
the results in Ref. 16, we find symmetric walls only in narrow constrictions and asymmetric walls prevailing for wider
constrictions. Both tilted asymmetric and symmetric walls
appear in the range of wc ⬍ 175 nm. The second asymmetric
wall type has a buckled shape 关Fig. 1共d兲兴 and can be found
for large constrictions, wc = 75– 370 nm. Since in the thick
samples with large constrictions, vortex walls become the
most favorable DW type, we can consider buckled DWs as
an intermediate state at the onset of the transformation from
a transverse wall to a vortex wall where the vortex core is not
yet nucleated.
As seen in Figs. 1共b兲–1共d兲, the magnetization configuration varies significantly moving in the positive y direction
关see Fig. 1共a兲兴 from the tip of the notch toward the outside
edge of the element, and it is not obvious how the DW width
should be defined. Traditionally, the widths of 180° Bloch
walls have been defined as  from the tanh共x / 兲 magnetization profile25 and this definition is commonly applied to 180°
Néel walls. Due to the more complicated spin structure of the
head-to-head walls, this is not applicable in our case. The
profiles of head-to-head walls exhibit a plateau at the center
of the wall where the magnetization is pointing perpendicu-

lar to the wire and fitting of such a profile with the conventional tanh function leads to a significant underestimation of
the real wall width. Rather we find from the analysis of the
DW types that the opening angle ␣DW of the triangular transverse walls, as shown in Fig. 1共b兲, constitutes a suitable
quantity to characterize most DWs. After determining ␣DW,
an average DW width wDW can be calculated according to
wDW = wc tan共␣DW/2兲.

共1兲

This is the physically relevant parameter, for instance, for
electron transport across the wall. We observe an increase of
␣DW from 85° for wc,av = 50 nm to 100° for wc,av = 300 nm
关Fig. 2共a兲兴. By calculating wDW, we find an increase from
50 to 380 nm 关Fig. 2共c兲兴 averaged for all the walls in a certain range of wc. No significant influence of the element
width we and the thickness of the material on ␣DW, and therefore wDW, could be found in the range of thicknesses
共5 – 20 nm兲 and we 共100– 400 nm兲 considered.
In order to simulate DWs in constrictions, we employed
an extended classical Heisenberg model which can reproduce
the changes in the spin structure at very short length scales as
found in geometrically confined DWs. In this model, the
magnetic moments are located on a cubic lattice with nearest
neighbors having a ferromagnetic exchange coupling, a
dipole-dipole interaction, and a coupling to an external magnetic field.22 The radius of curvature was kept constant to
1 m as in the experiments, and the element width we was
varied between 120 and 400 nm with a thickness of 4 nm.
The DW configurations for constriction widths wc in the

FIG. 2. 共Color online兲 Dependence of DW angle ␣DW on an averaged constriction width wc,av obtained from 共a兲 experiment and 共b兲 Heisenberg simulations. 关共c兲 and 共d兲兴 DW width wDW calculated using the DW angles ␣DW
from 共a兲 and 共b兲. In 共b兲 and 共d兲, the symbols refer to different element widths
we 共〫 = 120 nm, 䊊 = 200 nm, 䉭 = 300 nm, and 䉮 = 400 nm兲.
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FIG. 3. 共Color online兲 Magnetization configurations obtained from computer simulations of 共a兲 symmetric and 共b兲 asymmetric transverse DWs;
shown are parts of the simulated structures with a thickness of 4 nm and
constriction width wc/element width we: 共a兲 80 nm/ 400 nm and 共b兲
200 nm/ 400 nm. The color code in the inset of 共a兲 and the arrows indicate
the magnetization direction.

range of 20– 200 nm were simulated. The notch had a triangular shape with a constant angle of 70° in line with the
experiment. The parameters of the Heisenberg simulations
were deduced according to Ref. 21 from the material parameters of Permalloy; damping constant ␣ = 0.02, exchange
constant A = 13⫻ 10−12 J / m, and saturation magnetization
M s = 800⫻ 103 A / m. We used 2 and 4 nm cell sizes with no
significant difference in the results. In the experiment, DWs
are formed after reducing an external magnetic field from
saturation in the y direction 关see Fig. 1共a兲兴 to zero. Since
there is never a perfect alignment of the field to the constriction in the experiments, the field was tilted by 5.7° to the y
axis in the simulation.
In the simulations, two types of transverse DWs were
found within the constriction, as shown in Fig. 3: symmetric
关Fig. 3共a兲兴 and asymmetric 关Fig. 3共b兲兴 transverse DWs. The
symmetric transverse DW is obtained in small constrictions,
wc = 20– 80 nm, and exhibits an elliptical shape, also observed in Ref. 14. For wider constrictions, wc 艌 160 nm, an
asymmetric spin structure is favored with the direction of the
DW tilt 关to the right in Fig. 3共b兲兴 governed by the initial field
angle. For intermediate wc = 120 nm, we find both wall types
depending on we. The key energy contributions to the DWs
are the exchange energy, which favors large wall widths, and
the stray field energy 共shape anisotropy兲, which favors alignment of the spins parallel to the element edges. The increasing influence of the stray field energy results in smaller wDW
for smaller constrictions. For symmetric walls, wDW is comparable with the experimental values for 0 ⬍ wc ⬍ 160 nm
关Figs. 2共c兲 and 2共d兲兴. However, for wc ⬎ 160 nm, wDW extracted from the simulation increases to much larger values.
The exact asymmetric DW tilt in experiment depends on
irregularities such as the edge roughness, which are inherently not well known and thus not taken into account into the
simulation. Together with the difficulty of determining the
opening angle, this leads to the observed discrepancies of
wDW for the highly asymmetric simulated walls with large
wc. The increase in the opening angle with wc means that
wDW, according to Eq. 共1兲, increases more than linearly with
increasing wc. While this is clearly seen in Fig. 2共d兲, it is less
obvious in Fig. 2共c兲 since the increase in the angle is smaller
in the experiment than in the simulated data 共as discussed
above兲. Nevertheless we qualitatively see the same trend as
in the experimental data.
In conclusion we have observed, depending on the geometry, asymmetric and symmetric transverse walls with
electron holography, which is in agreement with micromagnetic predictions and confirmed by Heisenberg simulations.

In the measurements we found that, depending on the constriction width wc, the asymmetric walls can be subdivided
into tilted and buckled walls, the latter being an intermediate
state just before the appearance of a vortex. We have also
confirmed that the domain wall width wDW depends strongly
on wc and decreases with decreasing wc. In agreement with
simulations, the wall opening angle decreases with decreasing constriction width. This results in a faster than linear
decrease of the wall width with wc which will facilitate the
fabrication of very narrow domain walls where exciting
physical effects are expected.
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