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Abstract: The analytical micromagnetics and numerical simulations were used to investigate the domain wall structure during the
magnetization reversal in nanowires. Micromagnetic analysis shows that the domain wall structure is mainly determined by the
competition between the demagnetization energy and exchange energy. The wall with vortex magnetization structure in cross-section
is energetically more favorable for wires with large diameter. With the reduction of diameter the exchange energy increases. At a
critical diameter the vortex structure can not be sustained and the transition from vortex wall to transverse wall occurs. The critical
diameters for this transition are about 40 nm for Ni wire and 20 nm for Fe wire, respectively. A series of micromagnetic simulations
on the cone-shaped wire confirm the analytical results. The simulations also show that during the reversal process the vortex domain

wall moves much faster than the transverse one.
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1 Introduction

The magnetization reversal of magnetic nanowires
has been studied for a long time and has attracted much
attention especially in recent years due to their potential
use as high-density perpendicular recording media and
spintronic sensing devices[1—2]. The magnetization
reversal processes for infinite cylinder were studied
theoretically very early[3—4]. Two reversal mechanisms
were suggested, namely coherent rotation mode and
curling mode. However, numerous micromagnetic
simulations on soft magnetic nanowires show that the
magnetization reversal in wires with finite length is
significantly different from the reversal in infinite
cylinder. It was reported that soft magnetic nanowires
can switch in two different reversal modes, known as the
transverse wall mode and the vortex wall mode[5—8],
depending on their diameter. For thin wires reversal
process occurs in transverse wall mode. As to wires with
large diameter reversal takes place with vortex wall
mode. In both modes the wires switch by means of

nucleation at the end of wires and subsequent

propagation. The difference of these two modes consists
in the magnetization configuration in cross-section of
wall. The configuration in cross-section for transverse
domain wall is uniform, while the vortex domain wall
has vortex distribution. The transition diameter between
the two reversal modes is about 40 nm for Ni wires[9],
which is very close to the critical diameter 41 nm
between the coherent rotation mode and the curling
mode for infinite cylinder. WERNSDORFER et al[10]
and WEGROWE et al[l11] confirmed this nucleation
reversal mechanism. At present, there are few studies on
the domain wall structure in magnetic nanowire and the
transition between the transverse domain wall and the
vortex domain wall is still not clear. In this study, the
structures of transverse and vortex domain wall were
investigated by micromagnetic analysis. Micromagnetic
simulations based on the finite-difference method were
used to verify the analytic results.

2 Micromagnetic analysis

According to the micromagnetic simulation studies
[5—6], the magnetization reversal processes in soft
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magnetic nanowires occur in transverse wall mode or
vortex wall mode depending on the wire’s diameter. The
schematic diagrams of domain wall and the magnetiza-
tion distributions in cross-section are depicted in Fig.1.
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Fig.1 Schematic diagrams of domain wall of soft magnetic wire

(a), magnetization distributions in cross-section for transverse

domain wall (b) and for vortex domain wall (c)

For soft magnetic nanowire, if the magneto-
crystalline anisotropic energy is neglected[12], the
domain wall energy mainly comprises the demagnetiza-
tion energy and exchange energy. The competition
between these two energies decides the domain wall
structure. The domain wall energy can be written in polar
coordinate as follows:

E=[{A[(VO)* + (V9 sin® ]+ &, }dv (1)
where 6 and & are the polar angle and the azimuthal
angle of magnetization, respectively (Fig.1(a)). The first
term is the exchange energy. The second one denotes the
demagnetization energy.

For transverse domain wall, as the magnetization
distribution in cross-section is uniform (displayed in
Fig.1(b)), the magnetization configuration is one-
dimensional. In this case, #=0(z) and 9 is a constant.
According to Ref[13], the demagnetization energy
density &, can be written approximately as follows:
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where N, is demagnetization factor; M, and M, are the
magnetization components perpendicular to the long axis
of wire. Therefore, the transverse wall energy is
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For vortex domain wall structure, the magnetization

configuration in cross-section has vortex form (Fig.1(c)).

In consequence, the demagnetization energy is zero. But
the exchange interaction in cross-section will appear (the
second term of exchange interaction in Eqn.(1)), which
can be approximately written as mpAln(d/2a)sin’6 per
unit length of wire[ 14], where a is the distance between
. 2 243
the two nearest atoms, and p is equal to % (orT\/_)
for the face-centered cubic structure (or body-centered
cubic structure). Hence, the energy of vortex domain
wall can be expressed as

2
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The variation of the transverse wall energy (Eqn.(3))
and the vortex wall energy (Eqn.(4)) leads to the
well-known Eular equation:
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where K = &M 52 and Kzﬁln(i) for transverse
4 d? 2a

wall and vortex wall, respectively.

By solving Eqn.(5) with the following boundary
conditions: =0 for z=+o0, f=n for z=—c0 and d6/dz=0 for
z=ZF o0, we can get the distribution of 4 as a function of z.
Putting 6(z) into Eqns.(3) and (4), the domain wall
energies corresponding to the transverse wall and the
vortex wall can be obtained as follows:

E=nd*\AK (6)

The transition from the transverse wall mode to the
vortex wall mode occurs at the critical diameter where
the energies of transverse wall and vortex wall are equal.

For Ni nanowire, if the magnetic parameters are
taken as M, =49 10° A/m and Ay= 9X 1072 J/m[15],
according to Eqn.(6), the critical transition diameter is
equal to 40 nm. For Fe nanowire, the diameter will be 20
nm with M, p=1.7 X 10° A/m and Ap= 2.1 X 10"
J/m[16].

3 Micromagnetic simulations

Micromagnetic ~ simulations based on the
finite-difference method were used to prove the above
analytic results. Micromagnetics is a continuum theory
for the description of magnetization configuration in
ferromagnetic material. The equilibrium magnetization
distributions were characterized by local minima of the

total Gibbs free energy. The actual processional motion



1036 HAN Nian-mei, et al/Trans. Nonferrous Met. Soc. China 17(2007)

of individual magnetic moments due to all internal and
external fields follows the Landau-Lifshitz-Gilbert
equation, which has the following form:

am __ L MxHy -—22—Mx(MxHg)
de l+a (I1+a” )M,

(M
where 7y is the gyromagnetic ratio; a is the Gilbert

damping constant; H.s denotes the effective field acting
on the magnetic moment, which can be written as
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In order to study the diameter-dependent transition
between the transverse wall mode and the vortex wall
mode, the magnetization reversal processes of cone-
shaped Ni and Fe wires with linearly varying diameter
were investigated as done in Ref.[9]. The length of wire
is 1 200 nm, and the diameter is 50 nm at one end and 20
nm at the other. The numerical simulations were carried
out by wusing the object-oriented micromagnetic
framework code[17]. The discretization cell is taken to
be 2 nm, and a large Gilbert damping constant a=0.5 is
used in order to speed up the computations.

When a reversed field of 300 mT is applied to the
Ni wire, the reversal begins as the nucleation of a
reversed domain with a vortex domain wall at the end
with a larger diameter. Then the vortex wall propagates
along the wire until it reaches a region with a critical
diameter, where the wire becomes too thin to sustain the
vortex structure. The vortex wall then converts into the
transverse domain wall. The transition can be clearly
seen in Fig.2, where the onset of the typical oscillations
in the perpendicular components of the magnetization
clearly indicates the conversion from the vortex wall
mode into the transverse wall mode. Owing to the
difference of «a, the critical time ¢, is different from
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Fig.2 Average magnetization components as functions of time

during magnetization reversal in Ni nanowire (M, represents
component parallel to wire axis; M, and M, represent
components perpendicular to wire axis) ’

Ref.[9], but it doesn’t affect the magnetization reversal of
the nanowires. As the magnetization distribution of the
vortex domain wall in cross-section is vortex,
perpendicular components of the magnetization are zero.
While the magnetization configuration of transverse
domain wall in cross-section is uniform, during the
reversal process magnetization performs a characteristic
spiraling motion as the torque exerted on the magnetic
moments is along the axial direction. This leads to the
oscillation of M, and M, with time. The transition
between the two reversal modes occurs at about 40 nm
for Ni wire and about 20 nm for Fe wire, which are in
full agreement with the analytical results obtained by
micromagnetic analysis.

From Fig.2 it can been seen that the slope of
magnetization along the wire during the reversal process
in vortex wall mode is much larger than that in
transverse wall mode, which means that the vortex
domain wall moves much faster than the transverse
domain wall. The simulation results are consistent with

those in Refs.[8—9].
4 Conclusions

1) The domain wall structure is mainly determined
by the competition between the demagnetization energy
and exchange energy. For wires with large diameter, the
domain wall with vortex magnetization configuration in
cross-section has low wall energy. As the diameter
decreases, the exchange energy increases. At a critical
diameter the vortex structure is energetically unfavorable
and the transition from vortex wall to transverse wall
occurs. The critical diameters for this transition are 40
nm for Ni wire and 20 nm for Fe wire, respectively.

2) When the vortex domain wall, which is formed at
one end of wire with larger diameter at the beginning of
reversal, reaches a region with a critical diameter, the
vortex structure can not be sustained, and the transition
between the vortex wall and transverse wall occurs.
Simulations also show that during the reversal process
the vortex domain wall moves much faster than the
transverse domain wall.
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