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ABSTRACT The structure of domain walls in cylindrical nano- and microwires with a non-uniform anisotropy dis-
tribution in the transverse-radial direction has been studied. This distribution can be controlled by mechanical
stresses associated with specific wire manufacturing methods as well as with the glass coating in some types
of microwires. Our calculations have shown that in the presence of axial anisotropy in the core of the wire
and radial anisotropy near its surface, various configurations of domain walls can be stabilized. A diagram of
magnetic states has been calculated depending on the radial anisotropy values. The stability of various types
of domain walls and their possible transformation under the excitation of thermal fluctuations and external
perturbations are discussed.
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1. Introduction

Magnetic domains in nano- and microwires are of great interest in relation with the concept of racetrack magnetic
memory [1–3]. In these memory devices, information is stored in the form of a sequence of domain walls (DW) that can
be moved by an electric current. The absence of mechanical motion of reading and writing tools relative to the magnetic
medium, the high density of domain walls, and their ability to move at high speed under the action of low currents
make this technology very promising. Low-dimensional magnetic systems with cylindrical symmetry (such as nano- and
microwires) are of particular interest from this point of view [4, 5]. The cylindrical shape determines a number of useful
properties and advantages compared to low-dimensional planar structures. The combination of strong shape anisotropy
and cylindrical symmetry makes it possible to stabilize axisymmetric states [6]. Moreover, due to the absence of edges in
cylindrical wires, the DW can rotate along the axis of the wire without loss of energy, thereby preventing changes in the
structure of the DW (that is, blocking nucleation of anti-vortex states, as occurs in planar wires) [4, 7]. In this way, the
so-called Walker breakdown [7, 8] is suppressed, which promises higher DW speed [9, 10].

To date, three types of DWs have been discovered that can be stabilized in nano- micrometer-sized cylindrical systems
with uniform magnetic parameters [6]. These are a transverse DW (which is the ground state for thin wires), a Bloch point
DW (which is the ground state for thicker wires) and an asymmetric transverse DW, which can only be a metastable state.

In addition to the properties associated with cylindrical symmetry, the small spatial size of micro- and nanowires
increases the role of surface and interface effects, and also allows one to significantly change the magnetic characteristics
when exposed to mechanical stresses during sample manufacturing or induced anisotropy. This makes it possible to obtain
media with parameters unattainable in bulk materials, which turns out to be quite useful for energy-efficient applications
[11]. Examples of such cylindrical magnetic systems are amorphous ferromagnetic microwires in a glass shell, obtained
by drawing from a melt [12–14]. As a consequence of the fabrication method (drawing and rapid quenching) [15], such
systems, in addition to being amorphous, have internal stresses, that lead to a non-uniform distribution of anisotropy in
the transverse-radial direction [16–18]. The microwires with a positive magnetostriction acquire an easy magnetization
axis oriented along its axis. Such microwires are magnetically bistable (they have only two stable states corresponding
to two directions of the magnetization vector along the wire), and magnetization reversal occurs by extremely fast DW
movement (single Barkhausen jump) [19].

Presently, there are a lot of experimental data on the dynamics of the DW in such wires. DW velocity and mobility,
critical values of external magnetic field and current required for the DW movement as well as the range of fields and
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currents at which magnetization reversal occurs through the DW movement are being studied very intensively [20–22].
However, there is still no complete understanding of the types and internal structure of the DW in such systems. In
experiments, only the width and approximate shape of the DW can be estimated by analyzing the emf peaks induced
by the traveling DW (and, therefore, the change in magnetization) in the pick-up coils [21, 23, 24]. This is due to the
“inconvenient size” of such microwires: their lateral dimensions, on the one hand, are very small, and on the other hand
they are too bulky to use transmission electron microscopy or tools that can only provide information about the magnetic
structure on the surface.

Presumably, in such cylindrical systems with non-uniform magnetic parameters as amorphous ferromagnetic mi-
crowires in glass shell [16] the DW structure can be more complex than that of known types of DWs in nanowires. This
is due to the micrometer diameter of such wire and inhomogeneity of anisotropy along the radius, which can significantly
change the configuration of DW. In this case micromagnetic simulations can play a decisive role in revealing existing
magnetic configurations.

In our work, we investigated the stability and internal structure of domain walls stabilized in cylindrical wires with
inhomogeneous anisotropy. We considered wires with fixed geometric parameters, but different ratios of the anisotropy
values in the core and on the surface of the wire. We have shown stabilization of radial domain wall by the radial
anisotropy. According to our simulations radial DW has larger stability region than the transverse DW, while their energy
are close in the domain of coexistence.

2. Method

We consider a ferromagnetic wire of radius R and length L shown in Fig. 1. The total micromagnetic energy of the
system in cylindrical coordinates is given by:
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where S is the magnetization vector field. The first term in (1) is the exchange energy with exchange stiffnessA = 2·10−11

J/m. The second term describes the easy-axis/easy-plane anisotropy Ki(ρ), which is non-uniform along the radius ρ of
the wire, and the third term is the interaction with an external magnetic field B, which is applied along the z direction. The
anisotropy axis ei is assumed to be different in the core of the wire, where it coincides with the z axis ez, and near the
surface, where it is assumed to be radial.

For simulations, we use the type and value of anisotropy corresponding to the anisotropy distribution in amorphous
ferromagnetic microwires, but in a simplified form. Thus, according to the anisotropy distribution given in [15], starting
from the center of the wire to 0.9R, we used the average value of axial anisotropy Kax = 1 · 104 J/m3 (easy axis).
On the periphery the radial type of anisotropy, Kr, prevails (easy axis). To investigate the influence of the anisotropy
on the periphery on the type and structure of the domain wall, we vary the value of Kr from 0 to 10 · 104 J/m3. In
addition to stress-induced anisotropy, we include an effective shape anisotropy for cylinder Keff = 1/4µ0M

2
s due to the

demagnetization field, where Ms = 500 kA/m is saturation magnetization.

FIG. 1. Schematic representation of a wire in cylindrical coordinate system. R is the wire radius, L is
the length of the wire.
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The calculations were made using the original code developed by the authors, which implements a finite-difference
discretization scheme. Since discretization in this way results in unit cells of different sizes, we took into account the cell
volume to calculate the local magnetc moment. For simulations, we use a wire with radius R = 0.1 · 10−6 m and length
L = 1 · 10−6 m with periodic boundary conditions in the z direction. The number of discretization nodes along each axes
was: Nρ = 30 (from the center of wire to the periphery), Nφ = 100, Nz = 400.

3. Results

For wires with inhomogeneous anisotropy, we found two configurations of the DWs. Fig. 3 shows a 3D view and ρ−φ
cross section of each of the two head-to-head DW configurations. The first configuration (Fig. 3a) is the transverse DW,
similar to that found for planar and cylindrical nanowires. In this case, the transition from an axially ordered magnetization
parallel to the ez axis in one direction to ordering in the opposite direction occurs by rotating the magnetization about
an axis perpendicular to the wire axis, breaking the axial symmetry. Due to the cylindrical symmetry of the wire and the
absence of a preferred transverse direction, such a DW can be formed at any angle φ. Black and grey colors on the 3D
view in Fig. 3 represent the magnetization being parallel and antiparallel to the z-axis (+z and −z), while colors indicate
the transverse component of magnetization for different φ angles.

FIG. 2. 3D view and cross section of the cylindrical wire representing magnetic configuration of a)
transverse DW, b) radial DW. The cross sections indicate the structure of the DWs at the marked posi-
tion. Both cross sections are given for the value Kr = 0; c) the unrolled view of the ρ−φ cross section.
Direction of magnetization is indicated by color. Black arrows in panel (c) set correspondence between
direction and color.

Another type of DW corresponds to the magnetization ordered radially from or towards the center of the wire. In this
case, a Bloch point is formed on the axis of symmetry, see Fig. 3b. We refer to this type of a magnetic configuration as a
radial domain wall. The bottom panel of Fig. 3c shows the “unrolled” spin structures of the ρ− φ cross section for radial
DW. The magnetization direction is color-encoded as indicated in upper panel in Fig. 3c.

Having discovered two DW configurations, we investigated their stability depending on the value of radial anisotropy
at the near surface region of the wire. Fig. 3 summarizes our results as a phase diagram that shows the magnetic energy as
a function of radial anisotropy value for both stable DW configurations. Fig. 3a represents the distribution of anisotropy
types (axial and radial) along the wire radius. Almost the entire volume of the wire is dominated by the axial anisotropy,
corresponding to the realistic case of amorphous ferromagnetic microwires [15]. The radial anisotropy prevails in the
outermost 10% of the wire radius forming a layer with a thickness of 10 nm in the considered case.

To study the phase diagram of the obtained DW configurations depending on the anisotropy parameters, each of the
DW types obtained at certain anisotropy values was taken as the initial state and relaxed to a local minimum at other
anisotropy values. The phase diagram (Fig. 3b) shows that in the case of zero radial anisotropy, only the transverse DW
is stable and is an ordinary transverse DW in cylindrical wires. Further, at low values of radial anisotropy, both DW
configurations have very similar energy values, although the energy of the transverse DW is somewhat lower in the range
of radial anisotropy values from 0 to 4.3 · 104 J/m. At values of Kr above 4.3 · 104 J/m, only the radial DW is stable, and
the energy of the system decreases with increasing the radial anisotropy value.

Figure 3c shows the transverse DW for various values of radial anisotropy at the nearsurface region. A more visual
representation of the magnetic structure can be obtained by unrolling the ρ−φ magnetization cross section. It can be seen
that at zero radial anisotropy the DW is a conventional transverse DW, when all spins are ordered perpendicular to the
wire axis with the same angle φ. At non-zero values of radial anisotropy, one can observe a deviation of magnetization
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FIG. 3. a) Schematic representation of a cylindrical wire showing the distribution of various types of
anisotropy, Kax is axial anisotropy (purple part),Kr is radial anisotropy (blue part). Black arrows show
the area (volume) of the wire occupied by each type of anisotropy; b) Dependence of wire energy on
the magnitude of radial anisotropy for two configurations of DW. Radial DW exists in the entire range
of considered anisotropy values except Kr = 0, while transverse DW only exists in the range from 0 to
4.3 ·104 J/m for the wire parameters considered in the work; c) Evolution of the magnetic configuration
of the transverse DW with a change of the radial anisotropy value. For each radial anisotropy value, an
unrolled view of the ρ− φ DW cross section is given.

from the original direction near the wire surface, which becomes more pronounced as the radial anisotropy increases. For
the limiting case, when Kr = 4.3 · 104 J/m, the angle of rotation of the magnetization at the periphery from the initial one
(at Kr = 0 J/m) is almost +90◦ and -90◦, while in the center the direction of magnetization remains original. A further
increase in radial anisotropy leads to stabilization of the radial DW.

4. Conclusion

We found two different domain wall configurations in cylindrical wires with inhomogeneous anisotropy. One of them
is a transverse domain wall, the other is a so-called radial domain wall, where the magnetization has a Bloch point in the
wire center. Phase diagrams of stable configurations of domain walls for wires with different radial anisotropy in the
near-surface region have been constructed. A change in the internal structure of the transverse domain wall was found in
the presence of nonzero radial anisotropy in the near-surface region of the wire.

There is a certain range of parameter values in which both types of DW are locally stable and have close energy.
Transitions between these states are possible due to thermal fluctuations and random perturbations. The rate of such
transitions can be estimated based on transition state theory (TST) for magnetic degrees of freedom [25]. In harmonic
approximation of TST the temperature dependence of transition rate is given by the Arrhenius law. Activation barrier
for transition between different type of DW can be found after building the minimal energy path between correspondent
locally stable states on the multidimensional energy surface of the system. The maximum along the path corresponds to
the saddle point on the multidimensional energy surface. The difference between the energies in saddle point and initial
state determines the activation energy for transition whereas the preexponential factor depend on the shape of the energy
surface near these points [26].
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