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The influence of geometric parameters on the magnetic fine structure of domain walls in bent nanowires
is investigated. The domain pattern in the soft-magnetic Co39Fe54Si7 alloy is studied via scanning electron
microscopy with polarization analysis and modeled via micromagnetic simulations. It is demonstrated
that the bending angle affects details of the microstructure as well as the preponderant domain-wall type.
A phenomenological model is developed that provides the global energy minimum of individual types of
domain walls as a function of the geometric parameters of the wire. The results can be directly transferred to
permalloy wires, as permalloy and Co39Fe54Si7 alloy have a comparable magnetostatic exchange length.
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I. INTRODUCTION

Soft-magnetic nanowires containing two or more mag-
netic domains are in the very focus of recent research [1–5].
Describing and controlling the properties of the magnetic
fine structure between two domains in a wire, which is
commonly addressed as a domain wall, is a field of intense
work [6–12]. Promising technological applications, like the
magnetic racetrack memory [13], new sensor devices [14],
and logic concepts for magnetic computing [15] have been
proposed and are now under development.
Three distinct types of domain walls exist in soft-

magnetic wires with a head-to-head or tail-to-tail orienta-
tion of domain magnetization, i.e., the vortex wall,
(symmetric) transverse wall, and asymmetric transverse
wall [16–19]. The microstructure of the vortex wall consists
of an in-plane magnetization that curls around a central,
sharp quasisingularity, the vortex core. In the core, the
magnetization points out of plane. In the transverse wall,
the magnetization rotates within the film plane, creating a
magnetization orientation that is transverse to the wire
direction with poles at the wire edges. The microstructure
that is formed can be either symmetric or asymmetric with
respect to the wall center.
The type of domain wall depends on the dimensions of

the wire (width and thickness), on the magnetic properties
of the wire material, and on the magnetic history reflecting
either a local or the global energy minimum [7]. Recently,
phase diagrams for domain walls in straight wires and

nanorings have been published [8,16,17,20]. Qualitatively,
the transverse domain wall is the global minimum for thin
and narrow wires. In contrast, the vortex domain wall is the
predominant micromagnetic state in thick and wide wires.
In the parameter range between these two types of micro-
structures, an asymmetric transverse domain wall has been
identified as the third stable magnetic microstructure in
straight wires [17]. The asymmetric transverse domain wall
was experimentally first observed in 2007 [21], while a
systematic investigation of the parameters that stabilize the
asymmetric wall as well as an experimental proof of the
predicted stability is still missing. For rather wide and thick
wires, simulations predict that complex patterns exhibiting
several vortices (and antivortices) form the domain wall [8].
A common strategy to nucleate domain walls within

wires is to introduce a geometrical feature which acts
as a pinning site for the domain wall. Typical pinning sites
are notches or antinotches in straight or curved wires
[20,22,23]. Alternatively, zigzag wires are used [24], in
which domain walls can be easily created via an in-plane
seeding field that is applied perpendicular to the main wire
direction [25]. In spite of the frequent use of bent wires
[24,26–36], the influence of the wire geometry on the
magnetic fine structure of the domain wall has not been
investigated yet. Knowing the exact magnetic fine struc-
ture, however, is necessary for a precise analysis and
interpretation of the corresponding experimental results.
In general, all the above-described microstructures

will show up in soft-magnetic wires, while variations of
the relevant magnetic parameters will cause shifts of the
absolute scale of phase boundaries. Nevertheless, almost all
of the studies on the microstructure in wires have been
performed utilizing permalloy as the prototype material.
The topic of this paper is the influence of the geometric

parameters wire width w, wire thickness t, and bending
angle α on the prevalent type of domain wall and its fine
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structure in V-shaped nanowires (i.e., zigzag wires with
only one bend). The experimental study is performed by
means of scanning electron microscopy with polarization
analysis (SEMPA) [37–39]. As the spin polarization of the
secondary electrons, which is crucial for SEMPA contrast
[40], is low for permalloy, we choose a different soft-
magnetic material, Co39Fe54Si7, which gives a high spin
polarization of the secondaries. From the micromagnetic
point of view, Co39Fe54Si7 is very similar to permalloy, as
the materials have almost the same magnetostatic exchange
length. Hence, we keep the connection to the majority of
studies that have so far been published on the micro-
structure in soft-magnetic wires. The experimental results
are compared to micromagnetic simulations, which are
performed using OOMMF [41]. Based on the main features
of the domain-wall types a phenomenological model is
developed that particularly provides the prevalent type of
domain wall in dependence of the geometric and magnetic
parameters of the wire.

II. EXPERIMENTAL DETAILS

A. Preparation of V-shaped soft-magnetic wires

Magnetic wires containing one kink (V-shaped) are
fabricated with different geometric parameters (Fig. 1).
The wire width w is varied from 100 to 400 nm (400 to
800 nm) in steps of 50 nm (200 nm), respectively [42],
while the bending angle is kept constant at α ¼ 150° [see
Figs. 1(b)–1(d);α ¼ 180° corresponds to a straightwire]. In a
second set, the bending angle is changed from 20° to 180° in
increments of 10° [see Figs. 1(e)–1(g)] at a constant width of
400 nm. Each set of wires is structured out of soft-magnetic
films with three different thicknesses t ¼ 10, 20, and 30 nm
via focused-ion-beam (FIB) milling using Gaþ ions of

30 keV [43]. SEM micrographs are used to check for the
quality of structuring and controlling the geometries.

B. Properties of Co39Fe54Si7 thin films

Co39Fe54Si7 is chosen for this study, as the secondary
electrons from Fe and Co (in contrast to Ni) are highly spin
polarized [37], which is most advantageous for the SEMPA
investigation as the magnetic image contrast scales with the
spin polarization (asymmetry 5.6%) [40]. In contrast, the
asymmetry of permalloy (Ni80Fe20) frequently used as a
soft-magnetic material is only 2.3% due to the high amount
of Ni.
The magnetic films are grown via electron-beam

evaporation utilizing a target with the composition
Co 0.3 g, Fe 0.12 g, and Si 0.12 g (rate ¼ 0.5 Å=s, base
pressure ¼ 2 × 10−8 mbar). The material flux is controlled
via a thickness monitor (quartz-crystal oscillator). The
accuracy of the thickness is cross-checked by height
profiling utilizing atomic force microscopy. Naturally
oxidized Si(100) wafers are used as substrates. The
composition of the deposited magnetic films is
Co39Fe54Si7 (at. %) which is determined by energy-disper-
sive x-ray spectroscopy using the target as the calibration
standard. The magnetic characterization is performed via
SEMPA, longitudinal magneto-optical Kerr effect (MOKE)
[44,45], and ferromagnetic resonance (FMR) [46].
Figure 2(a) displays the hysteresis curves obtained by

MOKE for a magnetic field applied along two
perpendicular in-plane directions. The direction of highest
remanence (easy axis) is indicated by an angle of 0°. The
decrease in remanence at 90° (hard axis) is only 7%. This
result demonstrates that the system exhibits a very weak
uniaxial anisotropy averaged over the spot size of the laser
beam (1 mm). No magnetic field is intentionally applied
during film growth. The weak anisotropy is most likely due
to a small residual field that is effective during growth. As
the magnetization reversal is dominated by domain nucle-
ation and domain-wall movement, the MOKE measure-
ments cannot be used to extract anisotropy constants.
Because of the fact that the magnetization behavior is
nearly isotropic, we conclude that the magnetocrystalline
anisotropy is negligibly small compared to the magneto-
static energy that comes along with confining the size [16].
Hence, in a good approximation the micromagnetic con-
figuration of Co39Fe54Si7 is governed by magnetostatic and
exchange energy.
The saturationmagnetization of the film is μ0MS ¼ 1.8 T,

which is determined via FMR measurements. The value for
the exchange stiffness A ¼ 35 × 10−12 J=m is taken from
Ref. [47], which is a good approximation for the CoFeSi
alloy as reasoned in Ref. [48]. For a straight wire, the
micromagnetic structure is depending on film thickness t,
width of the wire w, and the magnetostatic exchange length,
defined as δ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2A=ðμ0M2
SÞ

p
[16]. For Co39Fe54Si7, we

obtain an exchange length of 3.7 nm. The value is very

FIG. 1. (a) Sketch of a nanowire and definition of the geometric
parameters. In (b)–(g), SEM micrographs of wire arrays with
varied geometries are shown. Bright areas indicate magnetic
material. Each array consists of six wires, which are carved out
of the magnetic film by FIB milling. The area where the film
material is removed appears dark. Outside the dark region, the
pristine magnetic film can be recognized. In (b)–(d) the width
while in (e)–(g) the angle is varied. Each (α,w) set is realized in
three different film thicknesses (10, 20, and 30 nm).

F. LOFINK et al. PHYS. REV. APPLIED 8, 024008 (2017)

024008-2



close to the exchange length of permalloy, which is 4 nm
(A ¼ 1.3 × 10−11 J=m and MS ¼ 8.0 × 105 A=m [16]).
Hence, the energy landscape of the magnetic microstructure
in an object of limited size should be very similar for both
soft-magnetic materials. Hence, the results of the present
study can be transferred almost one by one (within the
difference given by the deviation of the exchange lengths) to
wires made from permalloy.
Figure 2(b) is a SEMPA micrograph showing the

magnetic fine structure of nanowires and the remaining
film prior to any field treatment. In the vicinity of the milled
region (removed film), the magnetization is aligned parallel
to the edges. Within the magnetic film, a ripple domain
structure is visible, which is well known for polycrystalline
permalloy films [52–54]. The characteristic pattern of
rhombic-elongated structures comes from the interplay
of uniaxial film anisotropy and exchange interaction on
the one hand and local variations of cubic anisotropy on
the other hand. The latter indicates that the film consists of
randomly oriented grains. The grain size of the films is
determined by scanning electron microscopy to be about
10 nm. The microscopic variations in the anisotropy cancel
out on a macroscopic scale and cannot be identified in the
magnetization curves [Fig. 2(a)].

III. EXPERIMENTAL PROCEDURE

SEMPA is used for the simultaneous mapping of two
orthogonal in-plane magnetization components [37,40]
at the surface. Magnetization images with a lateral reso-
lution of 20 nm and a high orientation sensitivity <4° are
acquired using a primary beam of 6 nA at 8 keV. The
SEMPA instrument operates in ultrahigh vacuum (base
pressure of 5 × 10−11 mbar). The samples are transferred
from ambient conditions into the microscope. The surface
contamination is removed via Arþ-ion milling at 600 eV.
After sputter cleaning, the magnetic contrast is stable for
hours.
The SEMPA micrograph in Fig. 3(a) shows the magnetic

structure of sixwires as fabricated, i.e., before the application
of magnetic fields. The black-white contrast gives the

magnetization component along the vertical image direction.
The wires are predominantly (75%) in a multidomain state
containing one or more domain walls. A straightforward
explanation of the multidomain configuration as the virgin
state is based on the locally varying orientation of crystallites
and thus principal axes of the magnetocrystalline anisotropy.
During FIB fabrication, edges are created, and, hence, a
shape anisotropy is generated and increases gradually.
At some point during fabrication, the averaged magneto-
crystalline anisotropy is compensated by the magnetostatic
(shape) anisotropy energy and the varying local anisotropy
gets an impact on the local orientation of magnetization.
Thus, the tilting of magnetization along the wire axes can be
in opposite directions throughout the wire, and multidomain
states evolve that are stable due to pinning of the
domain walls.
The focus of the present study is on the domain-wall type

and fine structure of the walls pinned at the bend of the
nanowires. To create a domain wall at this position, we
apply an external magnetic field (jBextj ≈ 60 mT) parallel
(or antiparallel) to the direction indicated by the arrow in
Fig. 3(b), which is inclined by 10° with respect to the
symmetry axis of the wires. The accuracy of the field
direction is �5°. While the field is applied, the
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FIG. 2. (a) Magnetization behavior of the
unstructured film with a thickness of 20 nm
for a magnetic field applied along two
perpendicular in-plane directions with the
highest and lowest remanence. The curves
are obtained utilizing the longitudinal
magneto-optical Kerr effect. (b) SEMPA im-
age of a 20-nm-thick nanowire and the
adjacent magnetic film. The magnetization
orientation is color coded and indicated by
arrows. In the bright area, which is the area
where the magnetic film is removed, no
magnetic signal is obtained.

FIG. 3. SEMPA micrographs obtained with one polarization-
sensitive axis of the polarization analyzer. The polarization-
sensitive axis (indicated by P) is along the vertical of the SEM
micrographs. (a) displays the magnetic structure in the
“as-fabricated” state, while the micrograph in (b) gives the domain
pattern after applying an external field of Bext ≈ 60 mT along the
direction indicated by the white arrow.
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magnetization within the wires is tilted towards the direc-
tion of the external field. The field strength is sufficient to
delete the former microstate, even if for small w and large α
the initial state is not a single domain [25]. After switching
off the field, the magnetization relaxes into a two-domain
state with the domain wall localized at the bend [Fig. 3(b)].
A “head-to-head” or “tail-to-tail” configuration is generated
with the orientation of magnetization in the domains parallel
to the long axes of the arms. The success rate to introduce a
domain wall at the bend is about 95% for bending angles
α ≤ 160°. For larger bending angles (almost straight wires),
single-domain states are predominantly found as expected.
Each array of wire configurations (α, w, t) is studied at least
two times to verify the dominant wall type [see Fig. 9(a)].
Identical arrays were studied after a new magnetization
reversal was made.

IV. RESULTS AND DISCUSSION

In the following, we discuss the magnetic fine structure
of nanowires and compare the experimental results with
micromagnetic simulations utilizing OOMMF [41]. The
aforementioned magnetic parameters of Co39Fe54Si7 are
taken. As the cell size in the simulations, a cube of
4 nm × 4 nm × wire height=3 is used. To numerically
calculate the energy of the different wall types in depend-
ence on the geometry of the wire, a magnetic structure that
mimics the main features of the corresponding final state
(energy minimum) is taken as the initial state. A damping
constant of αdamping ¼ 0.5 is used for the relaxation process,
and the energy minimization is terminated when the net

field that creates a torque is smaller than 1 × 10−2 A=m. To
extract the domain-wall energy differences between the
transverse wall and vortex wall, it is ensured that the
magnetization outside the wall area is equal in both cases,
especially the orientation of the closure domains at the ends
of the wire.
This section is divided into four main subsections: First,

we discuss in Sec. IVA the different types of domain walls
in a bent nanowire and their magnetic fine structure.
Sections IV B and IV C deal with the impact of varying
the geometrical parameters [thickness and wire width
(Sec. IV B) and bending angle (Sec. IV C), respectively]
on the magnetic structure and wall type. Based on the
experimental data, a three-dimensional phase diagram is
created where the preponderant domain-wall type is given
as a function of the three geometrical parameters. The
experimental results are compared with micromagnetic
simulations. In Sec. IV D, a phenomenological model is
given that describes the transition from vortex to transverse
walls in this diagram.

A. Domain-wall types and their magnetic
fine structure

In Fig. 4, SEMPA images of the three generic types of
domain walls that predominantly exist for soft-magnetic
wires with head-to-head and tail-to-tail domain orientation
are shown, i.e., the transverse wall (Fig. 4 left), the vortex
wall (Fig. 4 center), and the asymmetric transverse wall
(Fig. 4 right). All three types of domain wall are similar to
the corresponding wall structures in a straight wire segment

FIG. 4. (a)–(c) SEMPA images and
(d)–(f) micromagnetic simulations of
the three predominant wall types
found for 100 nm ≤ w ≤ 400 nm,
10 nm ≤ t ≤ 30 nm, and 20° ≤ α ≤
160°. The topological points are la-
beled by red circles (edge defects) and
blue circles (volume defects), and the
associated topological charge is given
next to the circles. (a),(d) Transverse
wall in a nanowire with α ¼ 100°,
w ¼ 400 nm, t ¼ 20 nm; (b),(e) vor-
tex wall in a nanowire with α ¼ 120°,
w ¼ 400 nm, t ¼ 20 nm; and (c),(f)
asymmetric transversewall in a nano-
wire with α ¼ 150°, w ¼ 600 nm,
t ¼ 10 nm. The orientation of mag-
netization is color coded according to
the color wheel.
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[18]. The complex microstructure of the walls is highly
reproducible in the experiments, which proves the stability
of these structures. A theoretical description of these
structures is based on topology [18,55–57], which reduces
the micromagnetic structures to their essential features.
Based on the topological features, an analytical model is
established and discussed in Sec. IV D.
In a straight wire, the transverse wall consists of a −1=2

edge defect where two Néel walls start with an angle of 90°.
These walls enclose a triangular-shaped domain whose
magnetization is oriented perpendicular to the magnetiza-
tion in the wire arms. The opposite þ1=2 defect is widened
up to a length of approximately 2w. In the magnetostatic
limit, the total charge of the transverse wall of 2MStw is
located at the outer edge [18].
In the case of bent wires, the energy of the transverse wall

is reduced when the negative edge defect is located at the
inner kink, mainly due to the reduction of stray-field energy
as the angle between the magnetization and wire edge is
reduced. The bend reduces the Néel wall angle from 90° to
90° − α=2 and the total angle of magnetization rotation from
180° to 180° − α. In topological terms, the absolute value of
the topological charge, or winding number [57], of both edge
defects is reduced compared to the straight wire geometry.
The details of Fig. 4(a), however, reveal that the magneto-

static limit provides a rough picture of the actual distribution
of magnetization only. Except at the wire tip, the magneti-
zation in the vicinity of the wire edges is aligned parallel to
the edges, which is caused by the high demagnetization field
there [17,58]. In the micromagnetic simulation, these details
are well reproduced [Fig. 4(d)], which indicates that the
parameters describe the ferromagnetic material very well.
The main features of the fine structure of the transverse wall
are retained down to small bending angles (see Fig. 8 below).
Within the topological approach, the vortex wall

[Fig. 4(b)] is the state with the second-lowest number
of topological defects (in straight wires, two −1=2 edge
defects and one þ1 defect, i.e., the vortex core). The
magnetic structure of the vortex wall is described in detail
for a bent wire elsewhere [25]. Using the same argument as
above, it is straightforward to understand that in the case of
a V-shaped wire the bend also acts as an attractive potential
for the vortex wall when one of the two negative edge
defects is located at the inner kink [25]. An important detail
of the vortex wall, which has not been investigated yet, is
the exact position of the vortex core. For symmetry reasons,
the vortex core is located at the center line in a straight wire.
For bent wires, however, we observe a slight shift of the
core towards the outer edge. The rotation of magnetization
matches the shape of the outer edge near the kink. Vice
versa, near the inner kink the vortex structure requires more
space to adapt to the shape of the edge. The latter reasons
cause a core displacement towards the outer edge. For a
thickness of 20 nm and a bending angle of 150°, the average
position of the core is moved out of the center line (0.5 × w)

and located at ð0.40� 0.03Þ × w, which is in good agree-
ment with the result from simulations, i.e., ð0.46 × wÞ [see
Figs. 4(b) and 4(e)]. Additionally, the simulations give an
approximately linear dependence of the displacement of the
core from the center line according to f0.35þ 0.0125½ðα −
60°Þ=10°�gw in the range 60° ≤ α ≤ 180° (t ¼ 20 nm).
In contrast to the straight wire, an additional Néel-like

wall appears in the bent wire that connects the tip and the
vortex core (see Fig. 10 below). Hence, an additional edge
defect exists at the tip with the topological charge of
−ð180° − αÞ=360° [see Figs. 4(e) and 4(f)]. This feature is
important in the estimation of the energy difference
between the vortex and transverse wall given in Sec. IV D.
For straight wires, a second position of the þ1 defect

close to the edge is possible [18]. Beyond the magnetostatic
limit, this gives the asymmetric transverse wall which was
introduced as the third stable domain-wall type in straight
wires based on OOMMF simulations [17,19]. The authors
predict the asymmetric transverse wall as a metastable state
in a very narrow region in the phase diagram of straight wires
where the vortex and transverse wall are nearly equal in
energy. In our investigation, we find the asymmetric trans-
verse wall in bent nanowires also [Fig. 4(c)]. Although the
magnetic fine structure in Fig. 4(c) does not reveal any þ1
defect, the overall structure of thewall in the bent nanowire is
very similar to that of a vortex wall. The center of the wall
is shifted from the axis of symmetry towards a wire arm, so
that two mirror-symmetric configurations are possible for a
head-to-head domain configuration [19], i.e., the asymmetric
transverse wall with an upward or downward inclination of
the magnetization at the outer edge. The close connection
of the asymmetric transversewall and vortex wall means that
the scheme of the vortex wall formation should alsowork for
the asymmetric transverse wall [25]. This means that the
exact orientation of the seeding field determines the position
of the center and sense of rotation. In contrast to the vortex
wall, the nucleation of the vortex core is suppressed in the
case of the asymmetric transverse wall, as the expense of
exchange energy for such a small vortex is much too high,
which has been postulated from theoretical considerations
[18]. Hence, the magnetization configuration at the outer
edge is similar to that of a (þ1 − 1=2 ¼)þ1=2 pointlike edge
defect.
For all wall types, the overall matching of the measured

fine structure and the results of the OOMMF simulations is
very good. The matching is somewhat less pronounced in
the case of the transverse wall, which suggests that the latter
configuration is more sensitive to structural defects at the
edges generated during FIB preparation [59,60].
For wires of width w ≥ 600 nm, borderline structures

occur that are similar to the charged wall found in thin
films (see Fig. 5). The structure in Fig. 5(a) reminds one
of an alternating chain of vortex (þ1 defect) and antivortex
(−1 defect) structures, which avoids excessively long
charged 180° walls. In thin films, this pattern is known
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as a cross-tie wall [61,62]. The cross-tie-like structure is
observed only in 30-nm-thick wires. In Fig. 5(b), the
transition region has a zigzag shape. Similar wall patterns
are known to appear in thin films between head-to-head-
(tail-to-tail-) oriented domains. The zigzag shape of the
wall reduces the charge density with respect to the straight
wall [63]. As the negative (positive) edge defect is located
at the inner (outer) kink of the wire, the structure is very
similar to the fine structure of a transverse wall.

B. Impact of wire width and thickness
on domain-wall type (α= 150°)

In the following, the impact of wire width and thickness
on the preponderant type of domain wall is discussed while
the bending angle is held constant (α ¼ 150°). Figure 6
displays SEMPA images of the magnetic structure for
various widths and thicknesses. In thick and wide wires
mainly vortex walls are observed, while in thin and narrow
wires transverse walls dominate. This is in agreement with
the results for straight wires [7,16]. In 30-nm-thick wires
(α ¼ 150°) exclusively vortex walls are found [see Fig. 6(c)]
even for a wire width of w ¼ 100 nm, while for t ¼ 20 nm
the transition from vortex to transverse walls is observed
below w ¼ 200 nm [Fig. 6(b)]. In wires with t ¼ 10 nm,
vortex walls do not appear at all, while the transverse wall
transforms to an asymmetric transverse wall for widths
above 600nm[Fig. 6(a)]. In the thickness range above 10nm,
wall structures like in thin films are frequently observed in
the broad wires (widths w ≥ 600 nm; see Fig. 5).
The thickness- and width-dependent transition between

vortex and transverse walls in bent nanowires is simulated
with OOMMF (α ¼ 150°). The points of equal energy are

obtained from the simulations and marked by stars in the
tðwÞ diagram (Fig. 7). The line of equal energy satisfies
the condition tðwÞ ∝ 1=w (red line inFig. 7), as predicted and
found for straight wires [7,16]. The results of our exper-
imental study are given as symbols: triangles (circles) mark
transverse (vortex) walls, while diamonds (squares) re-
present asymmetric transverse (filmlike) walls, respectively.
The general trend obtained from the simulation is in agree-
ment with the experiment. It turns out that the experiments
are best resembled if the line of equal energy is shifted
towards thicker andwider wires (see the dashed line). This is
due to the fact that the transverse wall represents a local
minimum in the energy landscape which can be populated,
although the vortex wall is still the global energy minimum
for the head-to-head arrangement [7,20]. Another reason for
the shift is connected with deviations from ideal wire edges
assumed in the simulation. Because of the fabrication
process, inclined edges are produced, and, hence, the stray-
field energy of the transverse wall is considerably reduced
compared to the case of perfect edges [59,60].
The micromagnetic calculations reveal that the asymmet-

ric transverse wall does not represent the global energy
minimum for nanowires in the range of the phase diagram
with boundaries: 10 nm ≤ t ≤ 30 nm and 150 nm ≤ w ≤
400 nm (for α ¼ 150°). Close to the phase boundary
between the transverse and vortex wall, the energy of the
asymmetric transverse wall is about 2% higher than the
energy of the transversewall. Small deviations from the ideal
wire geometry can influence the relaxation process and
stabilize the asymmetric wall. In the straight wire, an area
of global minimum close to the phase boundary is identified

(b)(a)

800 nm 600 nm

FIG. 5. SEMPA images of domain walls observed in nanowires
with widths of w ≥ 600 nm. In this transition region to film
(a) cross-tie-like domain walls and (b) zigzaglike domain walls
are found, referred to hereinafter as filmlike domain walls. The
orientation of magnetization is color coded according to the color
wheel.

(c) 30 nm

(b) 20 nm

(a) 10 nm

FIG. 6. SEMPA images of domain walls in bent nanowires
(α ¼ 150°) for different wire widths and thicknesses [(a) 10,
(b) 20, and (c) 30 nm]. The wire width is given in the images in
nanometers next to the dashed line. The orientation of magneti-
zation is color coded according to the color wheel.
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by numerical methods [17]. In the experiment, the asym-
metric wall is infrequently found in the vicinity of the phase
boundary for t > 10 nm. In the thinnest wires (t ¼ 10 nm),
the asymmetric transverse wall appears to be preponderant

forw ≥ 600 nm. This finding indicates that the nucleation of
a vortex core is unlikely in such thin wires.

C. Impact of bending angle and thickness on
the type of domain wall (w= 400 nm)

In the former section, the bending angle is kept constant.
We now focus on the dependence of the domain-wall type
on the thickness and bending angle while the wire width
is kept constant. The latter set of parameters will give a
second sectional plane through the 3D phase diagram
(perpendicular to the one in the last paragraph). The
SEMPA micrographs in Fig. 8 show the magnetic micro-
structure found in wires of constant width (400 nm) and
various bending angles and thicknesses. The general
finding is that for obtuse (acute) angles vortex (transverse)
walls are found, respectively. Second, the range of angles
and widths, in which the transverse wall is dominant,
increases with decreasing thickness. In 10-nm-thick wires,
no vortex walls are observed at any angle, while a change
from the symmetric to asymmetric transverse wall is found
in the range of α ¼ 150° to 160° [Fig. 8(a)]. In 30-nm-thick
wires, vortex walls are observed for bending angles above
α ¼ 90°, and below 80° the transverse wall is dominant
[Fig. 8(c)]. In the range of α ¼ 80°–90°, the asymmetric
transverse wall is predominant. In 20-nm-thick wires, the
transition range is slightly shifted to larger bending angles
of α ¼ 110° − 120° [see Figs. 8(b) and 9(b)], where all
three kinds of wall are found [see the histogram in
Fig. 9(a)].
The experimental results are summarized in Fig. 9(b).

The line of equal energy between the vortex and transverse
wall calculated with OOMMF is indicated by stars. To guide
the eye, we plot a dashed line [based on Eq. (6) given
below] that indicates the line of equal energy of the
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FIG. 7. Phase diagram displaying the wall structure as a
function of the thickness and wire width. The bending angle is
fixed to α ¼ 150°. The calculated points of equal energy of the
transverse and vortex wall (red stars) are shown together with the
experimental results, whereby triangles represent transverse
walls, circles vortex walls, diamonds asymmetric transverse
walls, and squares filmlike walls (see Fig. 6). The fit of the
numerical data (red line) is based on Eq. (6) [tðwÞ ∝ 1=w] and
represents the line of equal energy. To guide the eye, we plot
similar lines [tðwÞ ∝ 1=w] for the experimentally found transition
between the transverse and vortex wall, and vortex and filmlike
wall, respectively.
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FIG. 8. SEMPA im-
ages of domain walls
in bent nanowires
(w ¼ 400 nm) for dif-
ferent bending angles α
and thicknesses [(a) 10,
(b) 20, and (c) 30 nm].
The bending angles are
indicated in the top right
corner of the micro-
graphs. The orientation
of magnetization is
color coded according
to the color wheel. The
different positions of the
vortex core are due to a
change of the seeding
field orientation.
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experimental results. Again, the simulation and experiment
show the same trend. The line of equal energy separates a
region of wires with acute angles and transverse walls
from a region of wires with obtuse angles and vortex walls.
The calculated phase boundary is slightly shifted towards
smaller angles. This can be explained following the same
arguments as in the previous section. Again, the asym-
metric transverse wall is primarily found around the phase
boundary but does not represent the global minimum
according to the numeric calculations.
The 2D phase diagrams presented in Secs. IV B and IV C

can be combined to create a three-dimensional phase
diagram. In the 3D diagram with the parameters wire
width, thickness, and bending angle, the points of equal
energy between the vortex and transverse domain wall
build a plane of equal energy (see Fig. 13 below). In the
following section, a phenomenological model is derived
that describes the plane of equal energy as a function of the
geometric parameters.

D. Phenomenological description of the plane
of equal energy between transverse

and vortex wall

The starting point for the development of a phenomeno-
logical model is the study for straight wires by McMichael
and Donahue [16]. In the following, the focus is put on
energy differences between the transverse and vortex wall.
Considering energy differences means that the energy of the
Neél walls which start at the inner kink can be neglected, as
they appear and are comparable in bothmicrostructures (for a
consideration of the topological þ1 defect of the vortex

structure, see below). Hence, the energy contribution of the
transverse wall that matters for the comparison of energies is
the stray-field energy. In order to illustrate the validity of the
approximation, ð∇ ×MÞz is shown inFig. 10 for straight and
bent wire geometry.
Besides the vortex core, the microstructure of the

vortex wall has additional Néel-like walls that have to
be considered in the comparison of energies. One wall is
located in the wire arm [see the wall located at the bottom in
Fig. 10(e)]. Note that for arbitrary bending angles this wall
remains the same due to topological reasons. More explic-
itly, the wall always has to be a 90° Néel wall at the wire
edge where the wall starts as the topological charge of the
edge defect is−1=2. The wall appears also in a straight wire
[Fig. 10(b)] but is not considered in the model of Ref. [16].
In case the wire is bent, a further Néel-like wall forms near
the outer kink [see the black dashed line in Fig. 10(e)].
Following the above considerations, the additional energy

of thevortexwall compared to the transversewall comes from
the vortex core, a 90° Néel wall, and a Néel-like wall in the
vicinity of the tip.While the formerNéelwall does not depend
onwirebending, the latter does.The rotationofmagnetization
in the vicinity of the tip is 180° − α [see Fig. 4(e)]. Hence, the
energy of thewall at the tip ETip Néel wall can be approximated
for a wall of volume t × a × b as

ETip Néel wallðt; w; αÞ ¼ C1tw= sinðα=2Þ
Zb

0

�
dϕ
dx

�
2

dx

¼ C1tw= sinðα=2Þð180° − αÞ2 ð1Þ
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FIG. 9. (a) Histogram of observed wall types as a function of the bending angle for wires with t ¼ 20 nm and w ¼ 400 nm. “Others”
contain zigzag, cross-tie, and not assignable wall types. (b) Phase diagram displaying the domain-wall type as a function of the thickness
and bending angle for nanowires with a wire width of w ¼ 400 nm. The experimental results are indicated by triangles for transverse,
circles for vortex, and diamonds for asymmetric transverse walls. The simulated points of equal energy of the transverse and vortex wall
(red stars) are shown. The red line represents the line of equal energy, which is a fit to the numerical data based on the phenomenological
model [Eq. (6)]. The dashed line [also based on Eq. (6)] is a guide to the eye indicating the experimentally found transition between
vortex and transverse walls.
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with C1 being a factor of proportionality standing for
the energy per wall area and rad2.ϕ stands for the orientation
ofmagnetizationwithin thewallwithwidthb. Thewall length
a is assumed to be proportional to the cross section of thewire
at the bisection, i.e., w= sinðα=2Þ [see the dashed line in
Fig. 10(e)]. Further simplifications are (a) the wall width
b is independent on the parameters of the wire and
(b) dϕ=dx ¼ ð180° − αÞ=b is uniform in the wall [63]. It
is worth mentioning that the additional Néel wall is also
present in the case of the asymmetric transversewall in a bent
wire [compare Figs. 10(e) and 10(f)], which again reveals its
close relationship to the vortex wall.
The domain-wall energy of the 90° Néel wall associated

with the −1=2 edge defect located in the wire arm [see
Fig. 4(e)] is given by

E90° Néel wallðt; w; αÞ ¼ C2tw; ð2Þ
where C2 is a further constant associated with the energy
per wall area of a 90° Néel wall. Following the description
given by McMichael and Donahue, the energy of the vortex
core can be approximated as

Ecoreðt; w; αÞ ¼ 2πtA lnðπÞ ≈ 7.2At; ð3Þ

where A is the exchange stiffness [16]. The vortex core is
located in one of the wire arms, and the surrounding of the

core retains the same microstructure as in a straight wire, so
that it is reasonable to assume that Ecore is not significantly
influenced by the bend.
Finally, an estimation of the stray-field energy difference

connected with surface charges that is associated with the
triangular-shaped domain in a transverse wall has to be
worked out. For a straight wire, the stray-field energy is
given as ESF ≈ 1=8μ0Ms

2t2w [16]. Comparing the trans-
verse wall in the straight wire [Fig. 10(a)] with the one in
the bent wire [Fig. 10(d)], it can be seen that the fine
structure has not significantly changed, while the magneti-
zation within the triangular-shaped domain MTW exhibits
an angle of α=2 to the magnetization in the adjacent wire
sections. The change of stray-field energy with the bending
angle comes from the reduction of the pole strength σ due
to the tilt of the magnetization MTW with respect to the
normal of the wire edge σ ¼ MTW · n ¼ MS sinðα=2Þ,
whereby n denotes the normal vector on the wire arm.
Hence, the demagnetization field is Hd ¼ ½ MS sinðα=2Þ.
When additionally taking into account that the length of the
charged surface of the wire depends on the bending angle
[2w= sinðα=2Þ], as a consequence of the conservation of
magnetic flux, this finally yields the angle-dependent stray-
field energy ESF of the transverse wall:

ESFðt; w; αÞ ≈ C0=8μ0MS
2 sinðα=2Þt2w: ð4Þ

In the limiting case α → 0, the stray-field energy of the
transverse wall ESF vanishes. C0 is a constant of approxi-
mately 1. Small deviations from C0 ¼ 1 are possible and
due to a simplified assumption about the charge distribution
at the edges [16].

(a) (b) (c)

(e) (f)

α

(d)

FIG. 10. Micromagnetic calculation of the curl of the mag-
netization ð∇ ×MÞz for different wall types in straight (a)–(c)
and bent (d)–(f) nanowires. (a),(d) Transverse wall; (b),(e) vortex
wall; (c),(f) asymmetric transverse wall. The arrows indicate the
magnetization orientation, while the dashed lines highlight the
additional Néel wall in the bent wires for the vortex and
asymmetric transverse walls.

Fig. 11. Sketch and corresponding energy contributions of the
important differences between the transverse wall compared to
the vortex wall (upper panel) and vice versa (three lower panels).
For explanations, see the text.
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The four energy terms that play a role in the energy
difference between the vortex and transverse wall are
summarized and sketched in Fig. 11. The functional
relation for the plane of equal energy between the vortex
and transverse wall follows from ΔEdiff ¼ 0, where
ΔEdiff ¼ EVW − ETW is given by [using Eqs. (1)–(4)]

ΔEdiff ¼ 7.2Atþ C1tw= sinðα=2Þð180° − αÞ2 þ C2tw

− C0=8μ0MS
2 sinðα=2Þt2w: ð5Þ

In order to check the validity of the model, it is used to
describe the plane of equal energy ΔEdiffðt; w; αÞ ¼ 0 that
is numerically calculated (OOMMF) utilizing the material
constants of Co39Fe54Si7 (μ0MS ¼ 1.8 T, A ¼ 35 pJ=m).

For that purpose, the lines of equal energy in the tðwÞ
diagram (Fig. 7, constant bending angle α ¼ 150°) and the
tðαÞ diagram (Fig. 9, w ¼ 400 nm) are simultaneously
fitted to

tðw; αÞjΔEdiffðt;w;αÞ¼0

¼ f7.2Aþ C1w= sinðα=2Þð180 − αÞ2
þ C2wg=½C0=8μ0MS

2 sinðα=2Þw�: ð6Þ
As a result, a good accordance of the fit (red lines) and

data points is obtained. Hence, the proposed model seems to
cover the relevant differences in energy between the vortex
and transverse wall as a function of the bending angle
and width. The fit parameters are C0 ¼ ð0.8� 0.1Þ, C1 ¼
ð3.1� 0.3Þ × 10−4 J=ðm2 rad2Þ, and C2 ¼ ð5.0� 1.0Þ×
10−5 J=m2. C0 is close to one, confirming the validity of
the used ansatz for the stray-field energy connected with
the surface charges of the transverse wall. For α → 0°, the
expressionC1ð180° − αÞ2 gives a value of 3.1 × 10−3 J=m2,
which should correspond to the energy of a 180° Néel wall,
i.e., γ180° ¼ 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðAμ0M2

SÞ=2�
p

¼ 26.8×10−3 J=m2 [63]. The
lower value of the fit can be explained by the fact that
the wall angle gradually decreases from the edge towards the
vortex core. The same argument explains the value ofC2 that
is much smaller than the energy of a 90° Néel wall given by
γ90° ¼ 0.25 · γ180° ¼ 6.7 × 10−3 J=m2 [63].
In order to checkwhether themodel is capable of describing

the energy difference between the transverse and vortex wall
far from equilibrium, the numerically calculated curve
ΔEdiffðαÞ is compared to the corresponding model curve
using the fit parameters from above for lateral dimensions of
w ¼ 250 nm and t ¼ 20 nm (without any adjustable param-
eters; see Fig. 12). Obviously, all features of the numerically
calculated curve are well reproduced by the model.
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FIG. 12. Numerically calculated (OOMMF) total energy
differences between the transverse wall and vortex wall in
dependence of the bending angle for a nanowire of width w ¼
250 nm and thickness t ¼ 20 nm. The solid line represents the
plot utilizing Eq. (5) and the obtained fit parameters.
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FIG.13. Phase diagrams. (a) Phase diagram displaying the global energy minimum of wall type as a function of the geometric
parameters t, w, and α. The diagram is created utilizing Eq. (6) and the obtained fit parameters (see the text). (b) For selected angles α,
the line of equal energy is shown in the tðwÞ diagram. For the sake of comparison with calculations for permalloy, the results for the
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Finally, the plane of equal energy in a three-parameter
plot (t, w, α) is shown in Fig. 13(a), utilizing Eq. (6) and the
fit parameters. For a given bending angle, the energetic
degeneracy of the vortex and transverse wall is found for
the values wt ≈ constant [Fig. 13(b)]. The latter is also
found for straight wires. For comparison, the result for the
straight permalloy wire taken from Ref. [17] is shown.
Obviously, the results for permalloy and Co39Fe54Si7 agree
quite well, which confirms our assertion that the results of
the present paper can be applied straightforwardly to
permalloy.

V. CONCLUSION

The impact of geometrical parameters on the magnetic
fine structure of symmetric transverse, asymmetric trans-
verse, and vortex walls which are pinned at the kink of soft-
magnetic V-shaped nanowires is imaged and discussed.
The SEMPA measurements reveal details of the micro-
structure that are beyond the simple domain theoretical
limit. For the vortex wall, an additional Néel wall is found
that connects the vortex core and tip of the wire. It is further
demonstrated that the vortex core is moved outward from
the center line of the wire. The asymmetric transverse wall
is observed in bent nanowires, and a tight micromagnetic
connection to the vortex wall is proven. The preponderant
type of domain wall as a function of the geometrical
parameters reveals that, besides the thickness and width,
the bending angle is an important parameter to tune the
remanent wall type on purpose. In the case of wide and
thick wires with obtuse angles the vortex wall is the global
minimum, whereas in the case of narrow and thin wires
with acute angles the transverse wall is favored. Based on
the dominant features of the vortex and transverse wall, a
phenomenological model is developed that describes the
plane of equal energy between both types of walls as a
function of geometric parameters. The modeling reprodu-
ces nicely the features that are found in the experiment and
micromagnetic simulation. As the magnetostatic exchange
lengths of Co39Fe54Si7 and permalloy are similar, the
results of the present investigation can be applied for
permalloy wires to a good approximation.
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