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Abstract—The problem of propagation of a magnetic inhomogeneity in the form of a magnetic vortex near a
defect simulated by a crystallite with uniaxial anisotropy has been solved theoretically. The defect (crystallite)
is implanted into a homogeneous 2D ferromagnetic matrix. Apart from the anisotropy energy, the term
responsible for the existence of a centrosymmetric potential is included into the total energy. For calculations,
we have used the method of collective variables (Thiele equation). We have considered the variants of bidi-
rectional and unidirectional anisotropy of the crystallite. Analysis of the equations of motion for different
directions of the anisotropy axis of the implanted defect has revealed the variety in the behavior of the vortex
core as a quasiparticle. The vortex core can be trapped by the defect with equilibrium position of the vortex
at rest directly on the crystallite or during its motion at a certain distance from it. It is shown that for a small
damping parameter and in the case when the defect anisotropy axis lies in the plane of the magnet, the vortex
moves so as if its core experiences the action of the repulsive axially symmetric potential.
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1. INTRODUCTION

In recent years, the interest in experimental and
theoretical investigation of magnets with the vortex
structure of magnetization has not subsided. Keen
interest in such materials is associated with prospects
of their application in various spintronics devices [1—
4]. Topological inhomogeneities in the magnetization
(such as magnetic vortices, skyrmions, and domain
walls with a vortex structure) exhibit unique proper-
ties, which render them good candidates for data and
memory storage devices. Analysis of magnetic vortices
is of special importance in the investigation of super-
conductors (see, for example, [5]).

The magnetic vortex dynamics in static and varying
fields in nanosize magnets of various geometrical
shapes and their aggregates has been studies quite
comprehensively [6—12]. Many properties of vortex
formations have been predicted and verified experi-
mentally. The method of collective variables proved to
be very productive in describing the evolution of mag-
netization in magnets with a vortex structure. In this
method, the description of motion of a magnetic vor-
tex is reduced to solving the equation for a quasiparti-
cle, the properties of which are determined by mag-
netic parameters of the vortex. In this case, it is conve-
nient to choose the coordinate of the vortex center and

its velocity as collective variables. The equation of
motion in this case is non-Newtonian.

It is convenient to define the magnetic state of a
vortex (a skyrmion) by two parameters: polarity p of
the core and chirality g. The vortex core is its central
part of a quite small size (about 10 nm) with a clearly
manifested nonuniformity of the magnetization.
Because of the competition between the exchange
energy and the demagnetization energy, the magneti-
zation at the core center is perpendicular to the plane
of the vortex and can coincide with the direction of the
preferred z axis (p > 0) or be opposite to it (p < 0). The
orientation of the magnetization in the vortex “skirt”
(“tail”) can coincide with a right-hand screw relative
to the z axis (positive chirality, g > 0) or be opposite to
it (g <0).

Most theoretical publications with analytic calcu-
lations and computer simulation are devoted to analy-
sis of static and dynamic properties of magnetic vorti-
ces in materials without magnetic nonuniformities in
exchange, anisotropy, etc.; i.e., models without
defects are considered. At the same time, spatial fluc-
tuations of magnetic parameters exist in real materials
with a vortex structure and affect the motion of mag-
netic vortices. A large number of theoretical publica-
tions are devoted to accounting for the effect of various
types of inhomogeneities on the properties of mag-
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Fig. 1. Model of interaction of the vortex magnetization
with the magnetic anisotropy nonuniformity.

netic vortices. For example, in [13—16], a point defect
was simulated by the nonuniformity of the magnetic
anisotropy constant; for this reason, a model potential
with axial symmetry was used. In [17, 18], a point
inhomogeneity of the atomic size was simulated by the
variation of the exchange constant. Not only point
defects, but also extended defects [9, 13] and even
inhomogeneity in the form of holes [19] were consid-
ered in the literature. Publications [17, 20, 21] in which
the authors took into account a large number of fac-
tors simulating the nonuniformity of magnetic param-
eters are especially worth mentioning. In the whole,
the results of all investigations indicated that the con-
sequences of the interaction of a magnetic vortex (as
well as a skyrmion) with a defect are extremely diver-
sified. The core can be trapped by the defect or can be
reflected from it.

The trajectory of the core near a defect can be intri-
cate and often cannot be described analytically. For
this reason, computer simulation is often used for
obtaining practically feasible results [22—25]. Simula-
tion makes it possible to predict the influence of the
defect field on the mobility of vortices and skyrmions
and on the manifestations of the Hall effect [26—28].
In [29, 30], simulation was employed for detecting a
peculiar behavior of a moving skyrmion crossing a lin-
ear defect (the trajectory is bent, resembling the
refraction of light). The effect of surface roughness on
the mobility of skyrmions was considered in [31], and
the possibility in principle to control the potential pro-
duced by a defect with the help of fields was demon-
strated in [4, 32].

We must also mention important experimental
results of observation of vortices and/or skyrmions,
which were also reported in the literature. In [33—35],
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the authors demonstrated scenarios of pinning of vor-
tices (or skyrmions) at crystal structure defects. The
behavior of vortex structures in a magnet with surface
inhomogeneities was analyzed in [36], and the field
mechanism of controlling the extent of influence of
defects on the motion of skyrmions was demonstrated
in [37].

In this study, we analyze theoretically of the influ-
ence of a defect in the form of an implanted crystallite
with a magnetic anisotropy differing from that of the
main matrix on the behavior of a magnetic vortex. The
nonuniformity of the anisotropy field is ensured by not
the variation of the anisotropy constant as in the afore-
mentioned publications, but of the direction of the
local anisotropy axis. In this case, the defect can pro-
duce a potential without the axial symmetry, and we
can expect interesting effects associated with the
absence of such symmetry.

2. EQUATION OF MOTION
OF THE MAGNETIZATION
IN THE VICINITY OF A DEFECT

Let us consider the following model of interaction
of the magnetization of a vortex with a nonuniformity.
A crystallite of a small volume V'is impregnated into a
homogeneous medium (thin film). The magnetic
anisotropy parameters of the crystallite are character-
ized by constant K with unit vector 1 of the local anisot-
ropy axis (LAA). In the chosen system of coordinates,
the defect is located at the origin; the position of the
vortex core is determined by radius vector p defined by
coordinates x, y in the Cartesian system of coordinates
or by the length of the radius vector and azimuthal
angle ¢ in the cylindrical system. It should be noted
that because of the small thickness of the magnet, the
motion of the vortex is two-dimensional; therefore,
coordinate z in the direction perpendicular to the
magnet surface is not involved. The model is shown
schematically in Fig. 1.

It is convenient to describe the dynamics of vortex
magnetic structures in terms of collective variables;
the role of such variables is played by the vortex core
coordinates and velocity. With such an approach,
analysis of the evolution of magnetization boils down
to solving the problem of the motion of a quasiparticle,
the coordinates and velocity of which are determined
by the position and velocity of the magnetic vortex
core. The equation for such a quasiparticle was derived
by Thiele [38]:

GXv+Dv+VW =0. (1)

Here, G = e (2mpgMb/Y,)(1 — ph) is the gyration
vector [6, 39], M, is the saturation magnetization, b is
the magnetic film thickness, 7Y, is the gyromagnetic
ratio, h = H/,M; is the dimensionless magnetic field
component perpendicular to the film surface, e_is the
unit vector of the z axis, v is the velocity of the core, W
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is the potential energy of the magnetic vortex, which
contains the magnetic anisotropy energy of the crys-

tallite, and D is the tensor of the effective coefficients
of the friction force acting on the core as on a quasi-
particle in the case of damping [40—42].

The symmetry of the problem is nearly cylindrical;
therefore, we will continue the description of motion
of the core in the cylindrical system of coordinates.
For the core velocity, we can write

dp a9
v=e,—+e 2)
Par P
where e, and e, are the unit vectors of the cylindrical
system of cooré)mates. This gives the following expres-
sions for the terms in Eq. (1) containing the core
velocity:

do dp
Gxv=-eGp—+e,G—, 3
PP T =
dp
Do oy "ar
Dv=|0D 0| ep®? =edep+er ‘p. (4)
dt dt
00D) |

With account for these expressions, we can write
vector equation (1) in the components:

—Gpd—(p+Dd—p—fp =0,
dt dt (5)
P dae
+ D, =0.
Car TP e
Here, the following notation has been introduced:
fy==Vw), ==
ap
10W ©
fo=~(VW), =+
® ¢ a(p
We can transform system of equations (5) to
dp _
-+ Df, + G
dt  G* D e CRR 7
o _
— = -Gf, + D,
Pt "D i ot o)

The solution of this system makes it possible to
describe the trajectory of the vortex core.

To continue the solution, we must specify the func-
tional form for force components f, and f,. For this
purpose, we consider the expression for energy W
using the popular model of “rigid” vortex [43—45]. In
the approximation of this model, we assume that the
vortex distribution of magnetization is not noticeably
distorted at the defect and in its neighborhood; i.e.,
the profile of the ansatz describing the vortex remains
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unchanged during its motion and does not depend on
the distance between the defect and the core.

Let us suppose that the magnetization direction is
determined by unit vector m(p, ¢), while the magneti-
zation component perpendicular to the film surface
has form m_(p, ¢). Because of the small thickness of
the film, vector m is independent of coordinate z. The
components of the magnetization vector and the vec-
tor of the local anisotropy axis can be written as

m, = qy1 - m(p,¢)sin ¢,
m, = —qy1 — m2(p, ) cos ,

I, = cosa, (®)
[, =sino.cosY,
[, =sinosiny.

Here, o and vy are the polar and azimuthal angles
determining the direction of the crystallite anisotropy
axis (angle o is measured from the z axis).

We write the magnetic energy in form

2
W= % — KV(m 1) )

Here, the second term is the magnetic anisotropy
energy, while the first term is the quasi-elastic energy
with rigidity coefficient K, which ensures the axially
symmetric force acting on the vortex core in the direc-
tion towards the coordinate origin. This energy can be
associated with the shape of the magnet (e.g., circular
nanodisks with the vortex structure of magnetization
[46, 47]). In addition, the implanted crystallite can
distort the structure around it because of emerging
mechanical stresses. This may lead to the dependence
of the magnetic energy on the distance to the origin.
Considering adopted notation (8), we can write energy
in form

2
wo=XP
2 (10)

— KV (g1 - mfsinocsin((p -7+ mzcosoc)2.

It is expedient to test the system of equations for the
particular case of an isotropic magnet (free of defects)
in the form of a thin circular disk. In this case, expres-
sion (9) for the energy contains only one first term.
Then system of equations (7) takes form

do___Dx
dt G +D2 ’ (11)
do Gk

dt G +D"

The solutions to this system are well known (see,
for example, [6]). In this case, the time dependence of
the length of the radius vector has form

Dx
p(t) = p() exp(_Gz +D2 t)a (12)
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where p, is the initial distance between the core and
the disk center. The angular velocity of the vortex core
moving around the disk center is given by

_de__ Gk
dt G +D’

In this case, the trajectory of the vortex is a helix
converging to the origin.

The solution of system of equations (7) in general
form with allowance for expression (10) is difficult.
For this reason, we will consider below some interest-
ing particular cases.

(13)

3. DEFECT WITH THE ANISOTROPY AXIS
PERPENDICULAR TO THE PLANE OF THE
FILM

In this section, we consider the case when the
anisotropy axis is oriented along the normal to the
magnet surface (o0 = 0). In this case, the system is
axisymmetric, i.e., energy (10) is independent of azi-
muthal angle ¢ (f, = 0). We can now write the force as

2
om;

ap
Then system of equations (7) takes form

fp=—Kp+KV

ap _ —2_D xp — KV 2% om;
dt  G*+ D op )
2
dt G*+ D’ E)p
Dividing the first equation by the second one, we
obtain the following equation for the core trajectory:

(14)
p

1dp = _Q. (15)
pdo G
The solution to this equation is function
p@) = pyexp( 20, - 0). (16)

Here, @, is the initial azimuthal angle determining
the position of the vortex core.

For further estimates, we must choose the specific
functional form describing the magnetization distri-
bution in the vortex. In earlier publications, various
versions of profiles were proposed {45, 46, 48—50]. We
will henceforth assume that the magnetization profile
is described by a function of form [51]

m, = pexp(-p’ /7). (17)

Here, r, is the characteristic linear size of the core.
Polarity p indicates the direction of the magnetization
at the core center relative to the z axis. Calculations
and observations show that r; is in the order of 10 nm.
With account for expressions (16) and (17), system
(14) is transformed into two independent differential
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equations with separable variables, the solution to
which can be represented by integrals

=01, (18)

P
!P(l +Aexp( 2Ap/1)*))

¢

J’ d(g) = ot
a1+ Aexp(=2(p/n)” exp(2n(@o — ¢))

Here, the following notation has been introduced:

4KV §—_Dx __ Gk ﬂ=2

19)

A=

G*+D* G

Characteristic dependences p(f) and @(f) are
shown in Fig. 2. The curves in this figure are plotted
for gp > 0. When gp < 0, the p(¢) and @(¥) dependences
remain unchanged; only the direction of rotation of
the core around the origin is reversed. It can be seen
from the figure that for p = r,, the functional time
dependences of the azimuthal angle and the length of
the radius vector change. This can be seen most clearly
from the p(f) curve on the semi-logarithmic scale
(Fig. 3). To a high degree of accuracy, the p(7) depen-
dence can apparently be treated as exponential. The
change to a faster p(f) dependence is associated with
the maximal approach of the vortex core to the defect.
In fact, this indicates a change in the ratio of the con-
tributions to the resultant force acting on the core due
to the anisotropy energy and the energy of the core in
the centrosymmetric potential. Indeed, for a large dis-
tance between the core and the origin (p > r), the
exponential functions in the denominators of the inte-
grands in relations (18) and (19) can be ignored. The
calculation of these expressions gives aforementioned
results (12) and (13). This should be for a large dis-
tance between the core and the defect, when the influ-
ence of the latter can be ignored.

In the opposite case of a small distance between the
core and the defect, the main contribution to the
energy of the system comes from the energy of interac-
tion between the vortex and the crystallite (magnetic
anisotropy energy). For distance p close to zero, the
calculation of expressions (18) and (19) gives the fol-
lowing dependences:

p(t) = pyexp(=Adr), @) = @, + Awt. (20)

Therefore, the velocity at which the core approach-
ing the defect and the angular velocity of the core
increase by A times. The change in the type of motion
of the magnetic vortex can clearly be seen from the
curves describing the time dependence of the core
coordinates in the Cartesian system (Fig. 4). To obtain
these dependences, we solved Eq. (1) numerically.
Figure 4b corresponds the instant when the period of
revolution of the core decreases sharply and then
remains almost unchanged. The envelope of these
curves illustrates qualitatively the singularity that has
already been considered in the case depicted in Fig. 2.
Vol. 131
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Fig. 2. Graphic representation of solutions (18) and (19) ((a) and (b), respectively). Numbers on the curves correspond to differ-
ent values of parameter A: A; =0, A, =5, A3 =10, A4, =20, and A5 = 40. All curves are plotted for the initial dimensionless length

of radius vector py/ry = 3 and forn = 0.1.

The distance between the core and the defect at
which the regimes of motion of the core change can be
estimated using the simple relation following from the
denominator of the integrand of expression (18):

Aexp(=2(p/n))) = 1, = p. = rIn(WA). (21

It should be noted that the dependence of p, on
parameter A is extremely slow.

It follows from previous considerations that this
effect of the change in the rate of variation of depen-
dences p(#) and @(¢) is characteristic of not only the
chosen profile of ansatz (17). This property is also
inherent in a vortex in which the magnetization distri-
bution is described by any localized function on inter-
val py.

In the absence of the term responsible for cen-
trosymmetric factor (k¥ = 0) in the energy of the mag-
net, the solution to the first equation in system (14)
can be written in form

o)) elff e

An analogous expression can be obtained for the
azimuthal angle:

2
Ei (—2@) exp(2n(0 — %))}

Ty

2
=E{}2Ghj]+5ﬂ.
1

(23)

Here, we have introduced the following notation:

__ 8DKV
£ RG + DY

In(p/ry)
10
1 -
0.11
1
5143 2
0 2 4 6

ot

Fig. 3. Graphic representation of solution (18) on the
semi-logarithmic scale. Numbers on the curves and
parameters A, 1, and py/r( corresponds to the numeration
and parameters in Fig. 2.
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Fig. 4. Time dependences of the Cartesian coordinates of
the vortex core. Solid and dashed curves describe the x(7)
and y(7) dependences, respectively. Curves in (a) and (b)
are plotted for parameters A=0,N=0.1land A=1,n=
0.1, respectively. Dashed curve in (b) is the envelope of the
amplitude of displacement of the magnetic vortex core
along the x axis.

The curves describing dependences (22) and (23)
are shown in Fig. 5. It is interesting to note that the
rotation of the core around the attracting center with a
constant angular velocity is stabilized only when the
defect is “trapped” by the core (i.e., for p/ry < 1).

We have considered above the case of the
implanted defect (crystallite) with bidirectional mag-
netic anisotropy. It would be interesting to analyze the
motion of a magnetic vortex in the presence of a defect
with unidirectional anisotropy. In particular, this ver-
sion is possible when an antiferromagnetic inclusion is
implanted into a ferromagnetic matrix. In this case, we
can write the following expression for the magnetic
vortex energy:
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Fig. 5. Characteristic time dependences of the length of the
core radius vector (solid curve) and of the azimuthal angle
(dot-and-dash curve) for k = 0.

2
W= %—KVm-l. (24)

Then system of equations (7) with account for
expressions (17) and (24) takes form

dap _ 2—Dp 5 K+2P§Vexp(—(BD ,
dt G +D I )
oo [ 00 (o))
dt G°+D I )
The equation for trajectories p(¢) coincides with
Eq. (16).

It is important to note in this connection that in
contrast to the defect with bidirectional anisotropy,
the right-hand sides of equations in system (25) in this
case can vanish and even reverse their sign. This is
possible for opposite orientations of the unidirectional
anisotropy axis of the crystallite and of the vortex core
polarity. Naturally, this affects the trajectory of
motion of the core. Analogously to expressions (18)
and (19), the solution to this system can be written in
form

(25)

s
Po p[l + % pAexp (— [i) D
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Fig. 6. Graphic representation of solutions (26) and (27) ((a) and (b), respectively). Numbers on the curves correspond to differ-
ent values of parameter A: A; =0, Ay =1, A3 =5, A, =20, and A5 =40. All curves are plotted for the initial dimensionless length

of radius vector py/ry = 1.5 and forn = 0.1.

®
J~ d(g =wt. (27)
"14dpaexp (— (Bj exp(2n(@, — (P))J

2 o

When the directions of the anisotropy axis and of
the magnetization coincide, the behavior of the system
at the center of the core does not differ from the case
with bidirectional anisotropy, and dependences p(?)
and () are similar to the curves shown in Figs. 2—5.
For the opposite directions of the LAA of the crystal-
lite and of the core polarity (e.g.,0=0,p=—loro =
n, p = +1), the motion of the core has peculiarities
associated with the divergence of the integrands in
expressions (26) and (27).

Figure 6 shows several characteristic dependences
p(?) and @(?) obtained from the results of calculations
of expressions (26) and (27) for p = —1. It can be seen
that for certain values of A, there exists a certain equi-
librium distance pg, upon the attainment of which the
motion of the vortex gradually decays. The core strives
to be localized at distance py irrespective of initial
position p,. The expression for calculating parameter
ps can easily be obtained by equating the denominator
in expression (26) to zero. This gives

A
Ps = %1f1n5~

(28)

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

It should be noted that for A < 2, the equilibrium
position of the core is at the coordinate origin, i.e.,
directly on the defect (py=0).

Figure 7 shows the time dependences of the coor-
dinates in the Cartesian system and the corresponding
trajectories of the core in the case considered here,
which were obtained from the numerical solution of
system of equations (7). Therefore, in the presence of
a defect with a unidirectional anisotropy axis perpen-
dicular to the film surface, the “capture” of the core by
the defect can be realized so that the core center is at a
certain distance from the crystallite, but not on the
defect itself as in the case of bidirectional anisotropy.

4. DEFECT WITH THE ANISOTROPY AXIS
LYING IN THE PLANE OF THE FILM

In this section, we consider the scenario of motion
of a magnetic vortex in the field of a defect with the
anisotropy axis lying in the plane of the magnet (o0 =
/2, v = 0). In this case, the potential is not cen-
trosymmetric and depends on the azimuthal angle of
vortex core 1. We first analyze the simple case when the
total energy does not contain the centrosymmetric
term (i.e., we set K = 0). Then we obtain the following
expressions for energy and forces:

W =—KV(l—m.)sin’ @. (29)

Vol. 131 No.4 2020
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x/r(),y/r()

Fig. 7. Time dependences of the Cartesian coordinates of
the vortex core in the model of unidirectional anisotropy of
the crystallite. Solid and dotted curves describe the x(7)
and y(7) dependences, respectively. The curves are plotted

forA=1,p=-1,1=0.01, py/ry = 1.1 (a) and 2 (b).
2
/= kv 3™ in o,
d (30)
fy =LKV (1= m)sin 2.
p
System of equations (7) takes form
dp KV (1 2 .
P__RBY 1161 -md)sin2
dt  G* +02(p (1= m;)sin2¢
2
+D—d(1; mz)sinz (pj,
. P 31)
a@ _ _ KV 11 pq— pysin2
Par Gz+Dz[p ( 2)sin 20
2
_gdU=m) o (p].
dp

‘We obtain the differential equation for the core tra-
jectory by dividing the first equation in system (31) by
the second equation:

do _ 2cot@+n&0)
do 2ncotg—E&(o)
Here, we have used the following notation:

(32)

2
o=, go=dnlom)
% do
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In the absence of damping (n = 0), this equation
holds for function

. 2
m(p)=1-(- mzz(Po))(Sl.n—(po) . (33)
sin @

As before, parameters p, and @, specify the initial
position of the core and m(p) are arbitrary functions
describing the magnetization profile of the core
(which are not necessarily defined by expression (17))
and calculated in the corresponding coordinates.

For k¥ = 0, the minimal value of the energy of the
system is realized when magnetization vector m is col-
linear to vector 1 of the anisotropy axis of the defect.
This state obviously corresponds to the maximal dis-
tance between the core and the crystallite (p — o°);
i.e., the vortex is repelled by the defect. Since func-
tions m(p) are localize in a small region near r,, the
value of m, — 0 for p — oo. Using relation (33), we can
determined the direction of motion of the vortex core
(azimuthal angle ¢..). To this end, we equate the left-
hand side of Eq. (33) to zero, which gives

sin @, = 1 — mZ(p,)sin @,. (34)

It is interesting to note that a noticeably curvilinear
motion of the core could be observed only near the
defect. For a large distance from the crystallite
(m/(p) < 1), the azimuthal angle remains unchanged,
and the motion of the vortex is translational in the
direction away from the crystallite like the motion of a
particle repelled from the defect. In spite of the
absence of axial symmetry in the field produced by the
defect, the core moves along the radius vector. This is
obviously due to the complex influence of the asym-
metric potential and the gyrotropic effect associated
with magnetization precession during the motion of
the vortex. Figure 8 shows the trajectories of the mag-

netic vortex core for zero damping tensor ﬁ, which
were obtained from numerical solution of equation of
motion (1) in the Cartesian coordinates.

To find the time dependence of the position of the
vortex core, we return to system of equations (31).

When py/r, = 1, the first equation can be written
approximately in form
dp _ KV i 2, (35)
dt  pG

where angle @ is defined by expression (34). The solu-
tion to this equation is function

p(1) = \/pé + éKV Sin(2Q. ). (36)

The dependence of the distance from the vortex
center to the repelling center described by law p? o #
indicates that at a large distance, the core as a quasi-
particle is in the effective potential of the defect, which
varies in accordance with law W, o< 1/p2. Indeed, the
Vol. 131
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Fig. 8. Trajectories of motion of the magnetic vortex core
without damping for pg < 0 (a) and pg > 0 (b). Both curves
are plotted for initial conditions py/ry = 0.4 and @, = /4.

solution of the simple problem in mechanics with
account for expression (36) gives
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Here, u is the effective mass of the vortex as a qua-
siparticle.

With account for equation (33) of the trajectory, we
obtain the following differential equation with separa-
ble variables for the second equation in system (31):
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In the case of damping, it is difficult to obtain the
general solution to Eq. (32). For this reason, we con-
fine our analysis to the case when py/r, = 1. In this
approximation, (o) < 1, and Eq. (32) takes the fol-
lowing simple form:
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Fig. 9. Characteristic shapes of trajectories for oo = 7/2,
N = 0.4, py/ro = 2, ¢y = n/4, and x = 0 from the results of
solution of system of equations (31) for gp < 0 (a) and gp >
0 (b). Solid and dotted curves show dependences x(f) and
(1), respectively.

do 1

— = (40)
do m
The solution to this equation is dependence
@) = poexp(Z(@—qu)). @)

With account for this relation, the second equation
in system (31) has solution
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Analogously, for the time dependence of the dis-
tance between the core and the crystallite, we obtain

2
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Here, g = GKV/(G?* + D?). The trajectories of vor-
tex cores are shown in Fig. 9. It should be noted that
damping leads to the rapid orientation of the radius
vector of the core in the direction perpendicular to the
local anisotropy axis of the crystallite. This direction
corresponds to decreasing anisotropy energy (see
Fig. 1).
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5. DISCUSSION

Analysis of the interaction of a magnetic vortex
with a defect (crystallite) simulated by a magnetic
anisotropy nonuniformity has revealed a diversity of
scenarios for behavior of the magnetization. When the
magnetic anisotropy axis of the defect (crystallite)
does not lie in the plane of the magnet, the field of the
defect “traps” the vortex. If the defect has bidirec-
tional anisotropy, the vortex core as a quasiparticle
strives to be located directly on the defect. If the
potential in which the core moves is produced not only
by the field of the defect, but also by an axisymmetric
field of a different origin, an interesting clearly mani-
fested effect of the change in regimes of motion of the
vortex is observed, which differ in the frequency of
rotation of the core around the crystallite and in the
laws of variation of the distance to the defect with
time. An additional axisymmetric potential can exist,
for example, because of the limited size of the magnet
(magnetostatic potential) or due to mechanical
stresses near the crystallite (magnetoelastic potential).
This circumstance can be extremely important in
designing devices for the control over the motion of
magnetic vortices and skyrmions (e.g., for bringing a
vortex to the resonant state). It is important to note
that the effect of the change in the angular velocity of
rotation of the vortex around the defect is observed for
any profile describing the magnetization distribution
in the core. Itis only required that function m, describ-
ing this distribution be localized in a small region near
ry- Such an effect was observed in experiment [35].

In the case when the defect (crystallite) is charac-
terized by unidirectional magnetic anisotropy, the vor-
tex core can experience both attraction and repulsion
depending on the mutual directions of the anisotropy
axes of the crystallites and the polarity of the vortex.
Because of the competition between the centrosym-
metric attractive parabolic potential and the repulsive
potential due to anisotropy, there exists an equilibrium
distance between the core and the defect (see expres-
sion (28)). The existence of multiple local minima of
the skyrmion (vortex) energy near the defect was
observed in experiment [34].

The behavior of a magnetic vortex in the field of a
defect with the anisotropy axis lying in the plane of the
magnet is equally interesting. In this case, the anisot-
ropy energy ensures the repulsion of the vortex core
from the defect; for extremely low damping, the core
moves almost in straight line from the crystallite in
accordance with the law corresponding to effective
potential energy W, o p~2. This is observed precisely
for the magnetization nonuniformity in the form of a
magnetic vortex, i.e., the object (quasiparticle) that
experiences the action of the gyroscopic force during
its motion. We explain the radial motion of the core in
the direction from the defect (reflection of the vortex
from the defect) by the competition between two fac-
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tors: the gyroscopic effect and the moment of forces
produces by anisotropy of the crystallite.

The gyroscopic effect is manifested the more
clearly the higher the core velocity. Therefore, in the
presence of appreciable damping, the moment of
forces associated with anisotropy of the defect
becomes prevailing upon a decrease in the velocity of
the vortex. In this case, the trajectory of the core is
curvilinear, and the equilibrium position corresponds
to the direction of the radius vector, which is perpen-
dicular to the anisotropy axis of the crystallite (which
corresponds to the anisotropy energy minimum).

6. CONCLUSIONS

Thus, we can state that such objects as magnetic
vortices in the vicinity of inhomogeneities of the mag-
netic structure demonstrate a diversified behavior
(“capture” of a vortex by a defect with a clearly mani-
fested change in the frequency of rotation, reflection
from the defect with different trajectories of motion,
etc.). This necessitates the account for the peculiari-
ties of the interaction of vortex cores with defects pres-
ent in magnets. This is especially important in design-
ing spintronics devices for various purposes.
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