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Nucleation and dynamics of magnetic vortices under spin-polarized current
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Spin-polarized current in a ferromagnet is known to lead to the instability of the uniformly magnetized state.
In this paper, it is demonstrated by micromagnetic simulations that, in films or wide wires, the above instability
is followed by the formation of magnetic vortices. Subsequent magnetization dynamics is also studied in terms
of vortices, which includes pair dynamics and pair annihilation. Using a simple analytical model that considers
the vortices as points, the dynamics of two interacting vortices under the current is classified according to their

vorticity and polarity. This explains well the essential features of the simulation results.
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I. INTRODUCTION

Vortices are topological objects playing an essential role
in various phenomena in nature. In the atmosphere, forma-
tion of large-scale vortices such as low pressure and typhoon
crucially affects climate and our everyday life. At the nanos-
cale, tiny vortices in magnets with a core of typical size
~10 nm govern magnetization dynamics.

Spin manipulation in magnetic nanostructures is becom-
ing highly important for developing high performance mag-
netic memories with novel architecture. Particularly, use of
current instead of magnetic field turns out to be quite advan-
tageous from the viewpoint of scalability, besides its interest
in fundamental physics.

The most effective driving mechanism in nanoscale sys-
tems is the spin-transfer effect proposed for domain-wall
motion! and magnetization reversal in pillar systems.>? This
effect is due to the transfer of electron spin angular momen-
tum to magnetization and can, in principle, drive any slowly
varying magnetization pattern to a velocity vy
=(yh/2eM,)j,. Here, j,, M,, and y=gug/h are the spin-
current density (associated with the usual electric current in
ferromagnets), the saturation magnetization, and the gyro-
magnetic constant, respectively (ug and g are Bohr magne-
ton and g factor, respectively). Experimentally, domain-wall
motion sets in above a rather high threshold current density
of ~10° A/m?> in magnetic semiconductors*> and
~10" A/m? in metals.>!! Qualitative behaviors seem to
agree with spin-transfer theories,»'?>-1° but quantitative inter-
pretation is still controversial.

Another important aspect of the spin-transfer effect is that
it can induce topologically nontrivial spin textures and lead
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to an instability of the uniformly magnetized state.!’2° This
instability was shown to trigger domain-wall formation in a
narrow wire if the current is sufficiently high.?’ With this
domain formation, combined with wall motion by spin trans-
fer, one can implement, in principle, a domain-wall memory
where the full cycle of writing and erasing is carried out
directly by current.

Vortices are known to affect magnetization dynamics in
thin films.?"23 Actually, a domain wall in a wide nanowire
contains a vortex as a stable structure, and its dynamics is
determined by that of the vortex.>!*?* Current-induced mo-
tion of a vortex in a single nanodot has also been recently
investigated, both experimentally’*-2® and theoretically.?*-3

In this paper, we demonstrate by micromagnetic simula-
tions that the instability of the uniformly magnetized state in
wide wires and films leads to the formation of vortices. A
detailed description of vortex-pair creation, dynamics, and
annihilation under spin current is obtained by micromagnetic
simulations and analytical calculations. Domain walls are
shown to be created via individual annihilations of vortices
across the sample edges. Vortices under spin current do not
suffer from intrinsic pinning,> in contrast to domain
walls,'>!3 and so would be useful for efficient memory de-
vices operated at low current.

A magnetic vortex, in general, is a topological configura-
tion illustrated in Fig. 1. It is characterized by two integers.
The first one is the vorticity, g==*1, =2,..., which is the
winding number of the in-plane magnetization component.
Low energy magnetization dynamics is described by the sim-
plest configurations with g= = 1. The second one is the po-
larity, p==*1, or equivalently written as p=7,|, which
specifies the direction of the out-of-plane component at the
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FIG. 1. (Color online) Schematic of magnetization pattern of
magnetic vortices. They are characterized by vorticity ¢ and polar-
ity p: (a) (¢,p)=(1,1), (b) (g.p)=(1,-1), (c) (g,p)=(-1,1), and
(d) (¢,p)=(=1,-1). At the center, the magnetization rises out of the
plane and points upward (p=1 or 1) or downward (p=] or —1). The
color represents the in-plane magnetization direction as defined in
the top panel; the out-of-plane component is expressed by white
(m_,>0) or black (m,<0). Structures (a) and (b) are called vortices,
and (c) and (d) antivortices.

core of the configuration. In a more precise sense, we call the
configuration with g=1 a vortex and that with g=—1 an an-
tivortex and denote them as v and v, respectively. The core
polarity will also be specified by the notations v, and v,
such as vy.

II. SIMULATION RESULTS

Micromagnetic simulations have been performed accord-
ing to the Landau-Lifshitz-Gilbert equation

m=yHysXm+amXm- (v, V)m, (1)

describing the dynamics of magnetization vector M or its
direction m=M/M;. The first two terms on the right-hand
side are the usual micromagnetic torques (with y,=pw|¥]),
and the effective field H  includes exchange and demagne-
tizing fields. (We consider in this paper a material with no
magnetocrystalline anisotropy.) The second term is the Gil-
bert damping, with a being the damping constant. The last
term represents the spin-transfer torque.’!

The micromagnetic calculation program used in the simu-
lation is based on the previously developed code.!®!3-32-33
The sample is divided into identical rectangular prisms with
the size of 2.5X2.5X5 nm’. The calculation region is
2.55 pm in length, 80 nm in width, and 5 nm in thickness.
Free boundary conditions are adopted on the wire lateral sur-
faces, and fixed boundary conditions applied to both ends in
the wire direction. The magnetic moments in the initial state
are aligned along the wire direction (+x direction). A uniform
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(a) t=17.60 ns

80 nm

(b)t="7.64ns

(c) t=17.66 ns

(d) t="7.68 ns

(e)t=7.70 ns

FIG. 2. (Color online) Snapshot illustrations of the nucleation
process of a vortex-antivortex (v-0) pair induced by spin current in
a nanowire of 80 nm width, 5 nm thickness, and 2.55 um length
for j,=1.7x10" A/m? (v,=1200 m/s) and @=0.03. Illustrations
are focused on the nucleation region. The magnetization direction is
represented by colors, as explained in Fig. 1. (a) Ripples of preces-
sional spin waves. [(b)—(d)] Growth of the precession amplitude. (e)
Nucleation of a v-v pair (white dots). In-plane magnetization direc-
tion is indicated also by arrows. The close-up shows magnetization
distribution around the v-v pair. The nucleated v and 0 have the
same polarity (p=1).

current is applied in the direction of the magnetic moments
(the direction of the electron flow is opposite). The intensity
of the current is maximum and constant in the center 1/3
area and falls linearly to zero on both ends to avoid boundary
effects. Thermal noise of T=4 K is applied in order to accel-
erate the instability.*>3” The nucleation time of vortices was
indeed seen to decrease in the presence of thermal noise, but
the threshold j;h (described below) did not change.

The simulation results are shown in Figs. 2-4 for j
=1.7X 10" A/m? (which corresponds to v,=1200 m/s) and
a=0.03. The phenomena described in the following have
been observed for j, exceeding a certain threshold, j;h, which
is j;h=1.4>< 10"* A/m? in our simulations. This threshold is
weakly dependent on «, as expected from previous
works,!>?0 and is reduced for thicker samples. In simple
terms, the excitation of spin waves is driven by the linear
shift of their energy under spin-polarized current.'”-!3

The first signature indicating the instability of the uniform
state appears as ripples of coherent spin waves. This is a
precessional wave motion of magnetization around the mag-
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(a)t=8.04 ns

80 nm

(b) t=28.06 ns

(c)t=28.08 ns

(d)t=8.10ns

(e)t=8.12ns

(f) t=8.14 ns

FIG. 3. (Color online) Snapshot illustrations of motion and an-
nihilation of a vortex-antivortex (v-0) pair under spin current in the
same nanowire, as in Fig. 2. Illustrations are focused on the region
of interest. [(a) and (b)] A v-0 pair with same polarity (white dots;
p=1) moving along the wire. (c) Nucleation of another v-0 pair
(black dots; p=—1) having opposite polarity with that of the exist-
ing pair. The close-up shows magnetization distribution around the
two v-0 pairs. [(d) and (e)] Mutual rotation, like multiple star, of v
and 0 having opposite polarities in each pair [see Fig. 5(d)]. (f) Pair
annihilations followed by large-amplitude spin-wave emission.
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(a) t=4.80 ns

i—

(b) t=4.90 ns

(c)t=5.00 ns

(d)t=5.10 ns

(e)t=5.20ns

(f)t=5.30ns

(g) t=5.40 ns

(h) t=5.50 ns

I

FIG. 4. (Color online) Snapshot illustrations of pair creation of
domain walls under spin current in the same nanowire, as in Fig. 2.
[(a)-(g)] A v-0 pair of vortices with same polarity (p=—1) moves
along the wire and increases its separation [see Fig. 5(c2)]. A
close-up for (e) shows the magnetic domain structure inside the v-o
pair. (h) A pair of domain walls is left after the v and U disappear
through different lateral edges of the wire.

netic easy axis (i.e., wire direction), whose amplitude is ini-
tially small. A snapshot is shown in Fig. 2(a), where the
wavelength is approximately \y=300 nm. This ripple pattern
then flows in the direction of electron flow due to the spin-
transfer mechanism, but the velocity (~300 m/s) is much
lower than v, expected in the full spin-transfer case. The
amplitude of spin-wave precession grows gradually [Figs.
2(a)-2(d)] and the ripple pattern starts to fluctuate. At some
crest of the ripple, the out-of-plane component develops sig-
nificantly and the magnetization points perpendicular to the
plane locally. This region with m_.=1 (or —1), which is string
shaped, eventually splits into two vortices (precisely speak-
ing, one vortex v and one antivortex 0), as seen in Fig. 2(e).
This is the v-0 pair creation induced by spin current. The
nucleated vortex and the antivortex have the same polarity,
as seen from Fig. 2(e) as white dots, and are connected by
two domain walls [yellow and dark blue in Fig. 2(e)] with a
reversed domain in between [the red region in Fig. 2(e)].
This polarity is inherited from the out-of-plane component
that has grown from the ripple.

The pair then flows along the current (Fig. 3) at the speed
of v,,” much faster than the ripple pattern. Calculations
show that the pair separates under spin-transfer torque (as
will be explained later, this occurs because polarities are
identical in the pair). The ultimate fate of the nucleated vor-
tices is thus either of the following: (i) the v,-0, pair is
annihilated with another v;-0j; pair with opposite polarity or
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FIG. 5. (Color online) Classification of the motion of two vor-
tices under spin current. The green arrows stand for the initial ve-
locity of the center of mass of two vortices. Vortices and antivorti-
ces are represented by a circle with white dot (vy;p=g=1), a circle
with black dot (v|;—p=g=1), an asteroid with white dot (0;;p=
—g=1), and an asteroid with black dot (v,;p=g=-1). For
P191P292=1, two vortices with same polarities (a) or vortex and
antivortex with mutually opposite polarities (d) exhibit a circular
relative motion. For pq;p,g>=-1, two vortices with mutually op-
posite polarities (b) or vortex and antivortex with same polarities (c)
exhibit a rectilinear motion. The pair annihilation process of Figs.
3(d)-3(f) corresponds to case (d). The v-0 pair creation of Fig. 2 as
well as the domain-wall creation of Fig. 4 correspond to the two
cases (c2) and (c5).

(ii) each vortex (and antivortex) is annihilated at the wire
edges.

The first case (i) is shown in Fig. 3. The white stretched
string is broken by the nucleation of another v-v pair. The
newly created v-v pair has opposite polarity with that of the
existing pair as seen as black spots in Fig. 3(c). The four
vortices then recombine into two v-v pairs, vy-v; and v|-vy,
with zero net polarity in each pair and with strings of re-
duced length. Having opposite polarities, the v and v in the
new pair rotate around each other like a multiple star [Figs.
3(d) and 3(e)]. After a few rotations, they annihilate together
and the released energy is emitted as spin waves [Fig. 3(f)],
as seen already in several calculations’®3 and
experimentally.*’ Note that this process is topologically for-
bidden, so that it involves a Bloch point.*! The energy re-
leased corresponds to the concentration of exchange energy
as the pair is squeezed. This is the pair annihilation of v and
U having opposite polarities.

The second case (ii) is shown in Fig. 4. When a vortex
and an antivortex reach mutually opposite sides of the wire,
they can annihilate out of the sample [Fig. 4(g)], leaving
behind a stringlike region of opposite domain or a pair of
winding transverse domain walls [Fig. 4(h)]. This process
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(a) t=0.007 ns

80 nm

(b)t=0.010 ns

(¢)t=0.014 ns

Ut

FIG. 6. (Color online) Snapshot of illustrations of the vortex
creation process in a nanowire with notches at lower spin-current
density j,=5.6X 10'> A/m2. The sample size is the same as in Fig.
2. lllustrations are focused on the region of interest. (a) A vortex, vy,
is created at the cusp of the upper notch and 90° walls appear
between the notches. (b) Another vortex, v, is subsequently created
at the cusp of the lower notch and the 90° walls are developed. (c)
After each vortex is split off from the notch, an antivortex (v at the
upper notch and 7 at the lower notch) with polarity opposite to the
previous vortex, respectively, appears at the edge of each notch. The
domain walls then flow away along the wire.

gives an alternative path to the current-induced domain-wall
formation, which has been considered in thin wires where
variation in the transverse direction can be neglected.?® It
will be dominant in wide wires.

These results can be summarized as the following rules
for the pair creation and annihilation. A vortex and an anti-
vortex created in pair in the bulk have the same polarity,
whereas the pair compression and eventual annihilation un-
der spin-transfer torque is possible only between those with
opposite polarity.

Because we put a very large current for vortex nucleation,
the effect of the (Ersted field may not be ignored. However,
the profile of the current assumed in these simulations has a
nonzero div J, so that it is not experimentally realistic and
therefore no meaningful field can be computed from it. In
order to solve these two questions, we have also performed
simulations with a realistic structure for the sample and leads
that produces a similar current distribution. This sample
structure incorporates two current leads, the left one on top
of the sample and the right one below, the length, width, and
thickness of the leads being 1/3 of the sample length, the
sample width, and 75 nm, respectively. For this structure, we
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calculated the nonuniform current distribution and the distri-
bution of the associated (Ersted field. The micromagnetic
simulation results with this distribution of current and Oer-
sted field show that the change of the threshold current for
vortex nucleation is minor (the threshold current velocity
decreased only by 30 m/s). Thus, for the physics studied
here, the simplistic current distribution assumed throughout
this paper is sufficient.

II1. ANALYSIS OF VORTEX-PAIR DYNAMICS

To gain some insight into the vortex dynamics, we focus
here on the position of the vortex center and study the mo-
tion of a pair of vortices under the spin current with a simple
analytical model that considers the vortex and antivortex as
points.

The energy of a vortex-antivortex pair contains several
contributions. Exchange energy has been considered first.”! It
contains a long-range part that derives from the in-plane
magnetization components but also a short-range part that
arises when the cores overlap. The short-range part is often
neglected as the point vortex model applies only at large
separations; it expresses the topological obstruction to pair
annihilation. Magnetostatic interactions are also present.
Again, a long-range interaction exists due to the modification
of the magnetization in-plane component. It is, however,
quite complex to evaluate as it requires the full magnetiza-
tion distribution, in principle (approximate expressions have
been devised for finite samples by assuming a magnetostatic
charge distribution*?). A short-range magnetostatic interac-
tion exists similarly, due to the interaction of the dipole mo-
ments represented by the cores. All these interaction terms
are taken into account in the numerical micromagnetic simu-
lations. We develop below an analytic calculation of the pair
dynamics in the regime when cores are far apart, so that the
short-range interaction terms are not considered. In a first
step, we neglect the long-range magnetostatic interaction be-
tween the vortex and antivortex. This already allows under-
standing the numerical results.

Let the position, polarity, and vorticity of each vortex
(i=1,2) be X;, p,, and g;, respectively. The equations of mo-
tion for X;’s are given by!>21:29-3045

1:i4:G X (X;—v,) + aDX;= (- 1)i_1¢]1612]‘)(1—)(22s (2)
X1 - X,

where G=(27LuyM,/ y,)Z with L being the thickness of the
wire. The first term on the left-hand side consists of the
gyroforce («X;) and the force from the spin current
(xv,).1>% The vector p,q;G is known as a gyrovector. The
second term is the damping force, where « is the Gilbert
damping parameter and D is a dissipation matrix element.?!
The right-hand side represents the far field exchange interac-
tion between the two vortices U;y=—q;¢>I In(|X,=X,|/d),
where /=AL with A the micromagnetic exchange energy
constant and ¢ is the size of the vortex core. It is attractive
for g,;q,=—1 and repulsive for g,q,=1.%'

For a special case of a=0 and V,=0, Eq. (2) leads to

X,==(p19102g2)X>. Thus, two types of motion are distin-
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guished by p,g,= * p2qs. For pig,=p,g, (X;=-X,), the cen-
ter of mass is at rest. Due to the central force [right-hand side
of Eq. (2)] between the two vortices, they exhibit a circular
relative motion. On the other hand, for p,q;=—p,q, (X,

:Xz), the two vortices move together and exhibit a rectilin-
ear motion.

Let us now examine the solution of Eq. (2) for finite V,
=(-v,,0) and finite but small «. The initial condition is taken
as X,(0)=X,(0)=0, Y,(0)=-Y,(0)=Y,/2. It is convenient to
introduce the center-of-mass coordinate R = (X;+X,)/2 and
the relative coordinate r=X,-Xj.

For p,q,=p,q,, we obtain

vt 1
~2< ~>, (3)
1+a* \pq,a

where a=aD/G. Thus, the center of mass of vortices flows
in an oblique direction with velocity v,. The transverse di-
rection of the velocity depends on the sign of p;q; (=p2q,).
The intervortex distance is given by

R=-

a I
r= \/Y% +2q,19, (4)

———1.
1+a*G

For ¢qg,=—1, due to the attractive force, r decreases with
time, and the pair annihilation will occur with a shrinking
spiral motion (note that polarities are opposite here, p;p,=
—1). This explains the simulation result of Fig. 3. For the v-v
(or 0-0) pair with same polarity (¢;g,=1 and pp,=1), r
increases with time.

For p,q,=-p,q,, we solve Eq. (2) perturbatively in «
(<1). The result up to O(a) is given by

R =- Vi, (5)
r=(Yy-2pq,avn)y, (6)
where
V_ L (7)
=V P142Y0G~

Thus, the center of mass of two vortices flows along the
wire. This direction depends both on the combinations of
(p1,91,P2,q,) and the relative magnitude between v, and
1/(Y(G). When the mutual force I/Y, between the vortices
exceeds the spin-transfer force Guv,, the vortices move
against the spin current [Figs. 5(b3), 5(b8), 5(c4), 5(c7)]. The
numerical result for the rectilinear motion of the v—0 pair
with same polarity in Figs. 4(a)-4(g) corresponds to Fig.
5(c2). Dynamics of the two-vortex system is summarized in
Fig. 5.4

The precise mechanism of the vortex-antivortex pair
nucleation is yet to be investigated. Here, we present a sce-
nario based on the fact that the spin current directly couples
to the topological charge,
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1 d*xm - (9,m X d;m) = pq, (8)
2 ’

of the vortex configuration. As seen from the equation of
motion [Eq. (2)],'521:29-3045 3 single vortex under spin cur-
rent feels a force (potential gradient), —pgG X V, analogous
to a charged particle, with charge pg, in a fictitious electric
field, -G X V,. In this picture, the pair nucleation may be
viewed as the “ionization” of the originally “neutral” (uni-
formly magnetized) state into two “charged” objects whose
topological charges are pg=+1 and —1, respectively.

IV. SUMMARY AND OUTLOOK

In this paper, we have demonstrated the important role of
vortices in the magnetization dynamics of thin magnetic
films and wires driven by large spin-polarized DC current
based on micromagnetic simulations and analytical calcula-
tions. It includes pair creation, pair dynamics, and pair anni-
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hilation. In the case of individual annihilation through the
sample edges, magnetic domain walls are created.

Dynamics of two interacting vortices was found to depend
crucially on their vorticity and polarity. It was observed that
pair creation and annihilation are such that vortex and anti-
vortex created in pair in the bulk have the same polarity,
whereas the pair annihilation is possible only between those
with opposite polarity, despite topological obstruction.

The current required here for vortex nucleation in a uni-
form wire is of order of 10'* A/m? For application to
memories where a bit of information is stored as the presence
or the absence of a domain wall, lower current is favorable.
This can be achieved, for instance, by introducing inhomo-
geneity such as notches, as shown in Fig. 6. In this case, the
threshold for vortex nucleation is reduced at the edge of the
notches to be about one-half, j,.=5.6 X 10'> A/m?. Confined
domain walls between notches would thus be useful for
memories manipulated at low current.
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