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Electric current and field control of vortex structures in cylindrical magnetic nanowires
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Magnetization dynamics in a cylindrical Permalloy nanowire under simultaneously applied electric current
and field is investigated by means of micromagnetic simulations. The reversal process starts with the creation of
open vortex structures with different rotation senses at the nanowire ends. Our results conclude that the current
alone enlarges or reduces the size of these vortex structures according to the rotational sense of the associated
Oersted field. Large current intensity creates a vortex structure which covers the whole nanowire surface. At the
same time the magnetization in the nanowire core remains the same, i.e., no complete magnetization reversal
is possible in the absence of external field. The simultaneous action of the current and field allows for the
complete control of the vortex structures in terms of setting the polarity and vorticity. The state diagram for the
minimum field and current required for the vorticity and axial magnetization switching is presented. This control
is essential for future information technologies based on three-dimensional vertical structures, and the presented
state diagram will become very useful for future experiments on current-induced domain wall dynamics in

cylindrical magnetic nanowires.
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I. INTRODUCTION

Cylindrical magnetic nanowires are considered to be the
most promising candidates for the building blocks of three-
dimensional (3D) information technologies such as shift regis-
ters, magnetic recording, spintronics, logic gates, and sensing
architectures [1-9]. Their operation is based on the manipu-
lation of magnetic domains and domain walls which should
be controllably nucleated, depinned, and moved along 3D
vertical and horizontal tracks.

Cylindrical magnetic nanowires are intrinsically magne-
tochiral systems. As a result of the cylindrical geometry,
magnetic vortex structures are inherent to their magnetism due
to the minimization of the magnetostatic energy. They mani-
fest in several situations: as precursors of the magnetization
reversal (known as open vortex structures) at the nanowire
ends [10], as vortex domains [11,12], and as Bloch domain
walls (previously known as vortex domain walls) [13—17]. In
all cases the vortices consist of an axially magnetized core
(where the magnetization direction defines the polarity of the
vortex) and a curling shell (where the azimuthal magnetization
component increases with the distance to the axis and its sense
of rotation determines the vortex vorticity). The sign of the
product of integer numbers (polarity by vorticity) is known as
chirality.

The first manifestation of vortices is that demagnetization
processes in magnetic nanowires start with curling structures
at the nanowire ends with a large axial component and defined
chirality. These structures typically exist at the remanence of
shape-dominated magnetic nanowires or at the geometrical or
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compositional constrictions of modulated nanowires and have
been observed experimentally [11]. In the ideal case, the ini-
tial vortex chiralities are opposite, as set by the demagnetizing
field torque (i.e., by the magnetization direction). However,
a pattern with the same vortex chiralities at both ends has
a very similar energy in long nanowires and is also a viable
configuration.

As the field progresses the open vortex structures depin
from the nanowire ends/constrictions and may form a prop-
agating Bloch-point domain wall or simply expand along the
nanowire, conserving the core magnetization in the same di-
rection and forming a vortex domain. The Bloch-point domain
wall is the most typical domain wall in cylindrical magnetic
nanowires [10,15-19]. In comparison with planar geometries,
cylindrically symmetric Bloch-point domain walls have a vor-
tex structure in the cross-section planes across the nanowire,
but they carry a singularity in the middle (where the vor-
tex polarity changes). This singularity, known as the Bloch
point, was predicted theoretically and investigated numeri-
cally [17,20,21]. The Bloch-point domain walls can be pinned
at defects and were recently observed in a static experiment
[17]. They are topologically 3D nontrivial structures and are in
fact 3D hedgehog Bloch skyrmions [22-24]. They have many
appealing properties for applications, e.g., a high mobility
under the applied field or current [13,18] and a possibility
to achieve very high velocities due to the forecasted absence
(or delay) of the internal instabilities known as the Walker
breakdown [16,25]. The chirality has been also predicted to
affect the domain wall velocity [16,26] due to the magnetic
torque effect that promotes the efficient motion of only one
type of chirality domain wall. Their nontrivial topology also
leads to emerging electromagnetic fields [22].

Finally, the remanent state of nanowires may consist of
domains. Axially symmetric vortex domains constitute a
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generalization of a concept of classical uniform domains in
thin films. Vortex-type domains are common for Co-based
nanowires with the crystallographic axis perpendicular to their
axis. They have been observed by magnetic circular dichroism
[11,12] and electron holography [27,28] techniques. As the
reversing field progresses, vortex domains can be converted to
skyrmion tubes [23,24].

Future technological applications require control of the
above vortex configurations. For example, several articles
[29-31] suggest the use of multilayered magnetic nanowires
as coupled spin-torque oscillators which could use the natural
oscillation of the vortex structure in each layer under an
applied spin-polarized current as the source of a broadband
electromagnetic signal. The question here is to find the min-
imal conditions where one or another vortex configuration
(i.e., vorticity and polarity) can be set. Due to experimental
difficulties in studying this because of the variation in many
parameters, an initial theoretical study is paramount.

Future applications in information technologies call for
spintronics, i.e., manipulation of domain wall dynamics via
the application of electrical current, since it holds the promise
of energy saving. However, experimental reports on domain
wall motion and domain control by means of electric cur-
rent and thermomagnetic switching in magnetic cylindrical
nanowires are very scarce [32,33] and its analysis is very
limited [32,34-36]. Particularly, Ref. [32] reports the ex-
perimental possibility of changing the vortex (Bloch point)
domain wall chirality by means of the Oersted field created
by the electric current.

To achieve control over the vortex domains and domain
wall dynamics, first it is important to find the conditions for
their minimal and efficient manipulation by electric current
and field from a theoretical point of view. In this paper we
present our modeling results on the manipulation of their
vorticity and polarity by the application of external fields
and electric current in a Permalloy cylindrical nanowire. Our
results show that electric current efficiently manipulates the
sense of rotation (i.e., vorticity) of vortex domains via the
Oersted field. However, the current alone can only induce
domain wall propagation on the nanowire surface without
changing its core magnetization which should be assisted by
magnetic fields. Importantly, the vorticity and the polarity of
the resulting vortex domains do not change simultaneously,
so that the control of different patterns is possible by varying
the magnitude of the magnetic field and current. We present
a diagram for polarity and vorticity switching in terms of the
current density and field magnitudes.

II. MODEL

We have modeled the magnetization dynamics of a cylin-
drical Permalloy nanowire with a diameter D = 100 nm using
the MUMAX3 micromagnetic code [37]. The simulations al-
ways start with the remanent state of the nanowire, obtained
from the hysteresis loop with the field applied parallel to the
nanowire axis (included in the Supplemental Material [38]).
The initial state consists of a uniform axial magnetic domain
with open curled structures (precursors of vortex domain
walls or domains) with opposite chiralities at each end of the
nanowire [see Fig. 1(d)]. A uniform electrical current with

density J and a simultaneous uniform external magnetic field
H,y are then applied parallel to the nanowire axis. Hey is
set antiparallel to the magnetization at the initial remanent
state.

The magnetization-current interaction is modeled through
(i) the Zhang-Li spin transfer torque Ty, in the Landau-
Lifshitz-Gilbert equation, and (ii) the Oersted magnetic field
induced by the electric current. The Zhang-Li torque [39] has
the following form,

1
Ty = m{(l +E&ax)m x [m x (u-V)m]
+ (¢ —a)ym x [(u-V)m]}, (D
where u = W J, & is the degree of nonadiabaticity,

« is the magnetization damping, up is the Bohr magneton,
e is the elementary charge, yy is the gyromagnetic ratio, Mg
is the saturation magnetization, and P is the electrical current
polarization. The Oersted field Hoerstea induced by the cur-
rent has been analytically precalculated in an infinitely long
straight cylindrical wire. In cylindrical coordinates (7, ¢, z)
the Oersted field is given by

D Jr

HOersted r < E = ? Uy, (2)
D JD?

Hoerseea| 7 > E = W”W (3)

where u, is the unit azimuthal direction. This magnetic field
has only an azimuthal component and reaches a maximum
value of JD/4 at the nanowire surface (see Supplemental
Material [38]).

Micromagnetic simulations have been carried out with the
proper parameters for Permalloy, i.e., saturation magnetiza-
tion p,Ms = 1T, exchange stiffness Aex = 13 x 1072 Jm™!,
damping constant o = 0.02, nonadiabaticity of the spin-
transfer torque parameter £ = 0.1, and the electrical current
polarization P = 0.56 [37]. Discretization sizes <2.5 nm have
been set. The value of the uniform external field Hey was
considered between 100 and 500 Oe, and the current density
magnitude J up to a maximum value of 10'>?A m~2.

III. RESULTS

The resulting stationary magnetic configurations under ap-
plied current and no external magnetic field are summarized in
Fig. 1. For low current densities (|J] < 6 x 10'' Am™2), the
axial magnetization of the remanent state in Fig. 1(d) is not
largely affected. However, in a fraction of the first nanosecond
almost the whole nanowire acquires some azimuthal mag-
netization component in the shell with an orientation in the
Oersted field direction, as can be observed in the middle cross
section in Figs. 1(c) and 1(e) (and in the dynamic calculations
presented in the Supplemental Material [38]). This results in
the expansion of that vortex structure from the end of the
nanowire which has the same chirality as the Oersted field,
and the contraction of the one with opposite chirality. The
latter can be viewed as the propagation of the vortex on the
surface without changing the inner magnetization (i.e., the
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FIG. 1. Top left panel: The axial magnetization component of the stationary state as a function of the current density for He = 0. (a)—
(e) Magnetization configurations for the applied current values indicated labels in the graph. The configurations (c)—(e) correspond to the
situation where no chirality switching has been observed. In the configurations (a) and (b) the resulting chirality is anticlockwise, while for the
configurations (f) and (g) the chirality has been switched to clockwise, defined by the Oersted field azimuthal direction.

vortex polarity). The vortex structure with an opposite rotation
sense almost disappears for [J| > 6 x 10'" Am~2.

For high current densities (|J| > 6 x 10'" Am~2), the ab-
solute value of the axial magnetization is largely decreased,
compared with the values obtained for lower current densities
(see Fig. 1 Top left panel). Again, the nanowire magnetization
first acquires a curling on the surface in the Oersted field
direction in the first fractions of a nanosecond. After that there
is a subsequent switching of the rotation sense of the vortex
structure which initially had opposite chirality to the Oersted
field (see Supplemental Material [38]). The switching is fol-
lowed by the propagation of both vortex domains (with no
change in the core magnetization direction) from the ends of
the nanowire towards its center, together with a release of the
energy by spin-wave emission. The stationary state consists
of an almost axial domain with magnetization curling in the
shell promoted by the Oersted field, with stronger curling at
the nanowire ends corresponding to open vortex structures
with the same vorticity. Importantly, the whole process is
accomplished in a timescale below 2 ns. The change in the
current direction J sets the chirality in the opposite direction.

The evaluation of the length of each vortex domain as a
function of the applied current is presented in Fig. 2 (left) (see
Supplemental Material for further details [38]). At remanence

(J = 0), both vortices are confined in the first 220 nm near the
ends of the nanowire [see Fig. 2 (right)]. For a small current
(1 x 10" Am~?), the vortex domain with the same chirality
as the Oersted field extends up to 330 nm, while the other
one squeezes to 170 nm. For higher currents the difference
in vortex domain lengths becomes more dramatic, and if J >
6 x 10" Am~2, the squeezed vortex is annihilated, leaving a
unique vortex structure along the nanowire length as observed
in Fig. 2. It is worth noticing that the width of the axially
magnetized core of the vortex is not homogeneous along
the nanowire length and is wider in positions closer to the
nanowire center (far from the nanowire ends). This behavior
is only observed for currents larger than J > 1 x 10''Am~2.

The above results indicate that under the action of the cur-
rent alone it is possible to switch the vortex structure chirality
towards the direction of the Oersted field and propagate the
vortex structure on the nanowire surface. However, no change
in the nanowire core magnetization direction, i.e., complete
magnetization switching, seems to be possible.

It is natural to help the magnetization switching with an
axially applied magnetic field (pointing opposite to the axial
magnetic domain), applied simultaneously with the current.
The results are presented in Fig. 3(a) showing the axial
magnetization component as a function of the applied field
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FIG. 2. Left: Length of each vortex domain at the left/right end of the nanowire measured from the ends of the nanowire as a function
of applied current for zero and 200 Oe applied field. The lines are a guide for the eye. Right: Azimuthal component of the magnetization in
the middle section of the nanowire for representative current densities and at zero applied field, where the yellow color corresponds to the
clockwise rotation while the light blue color corresponds to the anticlockwise vorticity. The dark blue color corresponds to axial magnetization

in the nanowire.

and current and the possibility of complete field-assisted
switching under the Zhang-Li torque.

Figure 3(b) represents the diagram for the resulting sta-
tionary states where the yellow-shaded region denotes the
situation where the magnetization core is not switched. One
can clearly see the possibility to control the resulting vortex
pattern (i.e., both nanowire core and shell) with fields and
currents. Concerning the shell vorticity switching, the results
are qualitatively the same as for zero applied field. However,
the critical current for the rotational sense switching decreases
as the field increases. Figure 2(a) also shows that the vortex
length as a function of the current is practically independent
on the applied field. Importantly, Fig. 3(a) indicates that
the axial magnetization component can be switched with
the assistance of the field and current and the critical field
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for switching decreases as a function of the applied current
density, the switching process taking around 3 ns. It is worth
noticing that the dynamics of the axial component of the
magnetization is also independent of the current direction
even under an applied magnetic field. Moreover, the analysis
indicates that the magnetization curling along the nanowire
(the vortex expansion due to the Oersted field) and the
vorticity switching of the “incorrect” vortex occur prior to
the switching of the axial (core) magnetization. The latter
starts by the reversal of its axial component from the end of
the nanowire where the vorticity was switched, towards the
opposite end (see details of the dynamics in the Supplemental
Material [38]). As reported earlier [22], we have observed that
the magnetization switching in the nanowire core under an ad-
ditional applied magnetic field is mediated by the propagation

(b)
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FIG. 3. (a) Axial magnetization of the final stationary state as a function of the current densities for various applied magnetic field values,
indicating the threshold values for magnetization switching. On the top axis the equivalent electric current values are indicated for this nanowire.
(b) Diagram of vortex states as a function of the applied field and current. Vorticity of the vortex (or curling) structures at the ends of the
nanowire in the final magnetization state is indicated for different current densities and applied magnetic fields. C and A stand for Clockwise
and Anticlockwise vorticity, in agreement with Figs. 1(b) and 2(b). The threshold for the axial component switching field is indicated by the
dashed line and below this line (yellow-shaded region) no magnetization switching occurs. The chirality is determined by the product of the

polarity and the vorticity.
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FIG. 4. Axial magnetization switching mediated by the Bloch
point under current 6 x 10''A/m? and applied field 200 Oe. (a) The
axial magnetization configuration at a certain time moment during
the Bloch-point propagation. (b) A selected volume of size ~8.5 nm
centered at the area where the core of the vortex is reversing shows
a Bloch-point singularity. (c)-(e) Magnetization at planes XZ, XY,
and YZ of the structure in (b). Arrow colors indicate the value of the
axial component of magnetization in every graph. The gray dots are
guides for the eye showing where the Bloch point is located.

of the Bloch point (see Fig. 4). During this propagation the
vorticity remains unchanged.

Regarding the curling structures in the steady state, the
resulting vorticities, labeled as A (anticlockwise) and C
(clockwise), have been collected in Fig. 3(b) as a function
of the current density and the applied magnetic fields. For
magnetic field values below the switching field (below the
dashed line), the vorticities are determined by the current
density as has been previously explained and can be controlled
with adequate values of the magnetic field and current density.
On the other hand, if the core magnetization switching takes
place (above the dashed line), the rotation sense (vorticity) of
both vortex structures is frequently reversed from CA to AC
and vice versa for low current values. Since the Oersted field
is not enough in this case to set the rotation senses, they are
determined by the magnetization direction and the resulting
torque and therefore a reversed pattern is found. Nevertheless,
there are some low current values for which AA and CC are
found when the magnetization is switched. This uncertainty is
not observed for higher current values, for which the chirality
is fully determined by the Oersted field, either AA or CC.
The removal of the field and current do not change the vortex
pattern and thus it can be completely controlled. It is worth
noticing that below the dashed line (if there is no core mag-
netization switching) the chirality is completely determined
by the vorticity, whereas above the dashed line the polarity
is reversed, and the chirality is therefore determined by the
polarity and the vorticity simultaneously. The switching of
both polarity and vorticity preserves the chirality of the initial

remanent state, whereas the switching of only the polarity or
only the vorticity leads to chirality switching.

IV. CONCLUSIONS

In the present paper we have studied the dynamics of two
domain walls naturally nucleated at the nanowire ends due to
magnetostatic energy minimization. This can be considered as
a needed step for the full control of wall motion in a vertical
racetrack memory, based on cylindrical geometry. We have
presented the state diagram for the vortex structure patterns
(vorticity and polarity) in cylindrical Permalloy magnetic
nanowires under an applied axial field and electric current.
Our results indicate that in the absence of applied field the
magnetization in the core stays parallel to the applied field
direction. On the other hand, the current induces the expansion
of the surface vortex domains, mainly via the Oersted field.
The vortex structures at the end of the nanowire with the same
(opposite) chirality as the Oersted field increase (decrease)
their lengths. For higher current densities the vortex domain
with the “good” chirality spans the entire nanowire length
to the detriment of the vortex domain with “bad” chirality,
which is finally annihilated at some critical current. Therefore,
the vortex rotation sense (vorticity alone) can be set by the
Oersted field produced by the current alone. In the presence
of field, this happens prior to the change in polarity, i.e.,
nanowire core switching.

Consequently, the magnetic vortex pattern, i.e., the axial
magnetization direction and the sense of rotation, can be
set by an adequate application of axial magnetic field and
currents with a suitable magnitude. The vorticity of the vortex
structures can be controlled in the conditions of no magne-
tization switching. The magnetization (polarity) switching is
only achieved by the application of a certain simultaneous
magnetic minimum field (lower than the coercive field of the
nanowire). Above the switching field, the chiralities of the
vortex structures in the final state can be mostly predicted
for low values of the current density and controlled for high
currents, for which the vorticity is determined by the Oersted
field. In this regime the switching does not change the vortic-
ity pattern.

The control of the chiralities and the expansion of the
vortex structures from the end are thus concluded to become
quite relevant for future information technologies based on
3D vertical structures. For these applications, a controlled
nucleation and pinning of domain walls is necessary. In this
concern, in cylindrical nanowires the switching could be
controlled in addition by appropriate geometry and/or compo-
sitional modulations as has been probed in Refs. [4,23,36,40].
Our state diagram will be very useful for future experimen-
tal realizations of current-induced domain wall dynamics in
cylindrical magnetic nanowires.
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