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Abstract—The average electric polarization arising in a two-layer, nanosized, ferromagnetic film with a com-
bined uniaxial and cubic anisotropy and a vortical distribution of magnetization is studied numerically.
Allowance for the cubic anisotropy leads to a multifold increase in the average electric polarization in samples
with a positive constant of cubic anisotropy and a significant decrease in samples with a negative constant of
cubic anisotropy. Analysis of the hysteresis of the average electric polarization in a magnetic field perpendic-
ular to the film revealed striking differences in the field dependences in films with different cubic anisotropy.
If the cubic anisotropy is positive, then the maxima of the average polarization curves shift to the region of
low magnetic fields upon an increase in the anisotropy constant. The intensity of the maxima becomes larger,
and the hysteresis practically disappears. For films with a negative constant of cubic anisotropy, the maxima
of the average polarization curves shift to the region of high fields upon an increase in this constant and the
intensity of the maxima becomes significantly smaller.
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INTRODUCTION

Spintronics—a rapidly developing field of elec-
tronics—involves the study of various stable magneti-
zation distributions, which can be used to store and
transmit information [1]. These may include skyrmi-
ons, magnetic vortices [2], and other magnetic inho-
mogeneities. The ability to control the state of a mag-
netic vortexes in different ways, including an electric
field in the presence of a magnetoelectric effect [3, 4],
allows them to be considered basic elements for the
creation of magnetoelectronic storage devices. The
inhomogeneous magnetoelectric effect described by
Bar’yakhtar et al. [5] is realized in multiferroics, e.g.,
ferrite garnets with an inhomogeneous magnetization
distribution. This effect gives rise to improper electric
polarization, which makes it possible to control such
structures via an electric field.

Magnetic vortices can arise in a wide variety of
magnetic systems, such as magnetic wires [6]; they can
also arise in planar magnetic structures (nanodots [7],
nanodiscs [8], and nanoparticles of various shapes)
and as part of a more complex magnetic configuration,
such as a domain wall with constrictions [9]. A defect
with an “easy-axis” anisotropy is created to form a
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magnetic vortex in a nanodot with an “easy-plane”
anisotropy [10].

Earlier, we considered the process of vortex nucle-
ation and the inhomogeneous magnetoelectric effect
in a two-layer, nanosized film with an easy-plane
anisotropy and an easy-axis surface anisotropy [11].
For a two-layer exchange-coupled iron-garnet film,
the layers of which have an easy-plane and an easy-
axis anisotropy, we also studied the conditions for the
rise and change of the vortical structure [12], as well as
the features of the hysteresis of electric polarization
upon magnetization reversal by a magnetic field per-
pendicular to the film plane [13].

The widely used and comprehensively studied
monocrystalline films of garnet and spinel ferrites, in
addition to uniaxial anisotropy, also have cubic anisot-
ropy. The objective of this work was to study the mag-
netization distribution and average electric polariza-
tion in two-layer, nanoscale, ferromagnetic films with
allowance for the combined cubic and uniaxial anisot-
ropy and to study the effect of the magnitude and sign
of cubic anisotropy on the electric polarization upon a
reversal of the magnetization of the vortex structure by
an external magnetic field perpendicular to the film
plane.
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1. PROBLEM STATEMENT

We studied a two-layer film with an upper layer
having a uniaxial easy-axis anisotropy and a lower
layer with easy-plane anisotropy. The cubic anisot-
ropy is the same for both layers. The film layers have a
uniaxial anisotropy of different signs, the same cubic
anisotropy, and a finite thickness. The film has finite
sizes and a square cross section. The normal to the
film coincides with the z axis, the [001] axis of the
crystal, and the axis of uniaxial anisotropy. The exter-
nal magnetic field is parallel to the z axis.

The energy functional of the system has the form
2
W = ZJ‘dV{Ecub,i + Eu,i + EH,i + Ed,i + Eex,i}
T (1)
- J' E,ds.
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cubic anisotropy, K,,; are the constants of the uniaxial

anisotropy of the layers, M; is the saturation magneti-
zation of layers, H is the external magnetic field, H™
is the magnetic dipole interaction field, o, are the
exchange coupling constants, and J is the interlayer
exchange coupling constant.

2. CALCULATION PROCEDURE

The problem of finding an equilibrium state was
solved numerically. The calculations were performed
with the OOMMEF 3D simulation software package [14]
with discretization on a rectangular grid at a step of
5 nmin the x and y coordinates and 3 nm in the z coor-
dinate. The calculation was performed for a two-layer
film with the parameters typical of a garnet-ferrite
film: M, = 30 G, M, = 70 G, o = 107 erg/cm, K,,, | =
2 x 10* erg/cm?, K, , = =7 x 10* erg/cm?, and J =
1 cm~!. The cubic anisotropy constants varied from
—7 x 10* erg/cm? to 7 x 10* erg/cm’. The studied
samples were rectangular nanopillars, the sizes of
which varied over a wide range. For illustration, we
selected the most typical samples with transverse
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dimensions of 200 X 200 nm and a thickness of
120 nm.

For a nonuniform magnetization distribution, the
magnitude of the electric polarization vector P was
calculated with the formula [15]

P =y [MV)M -M(VM)], 2

where ¥, is the electric polarizability and vy is the coef-
ficient of inhomogeneous magnetoelectric interac-
tion. We will further calculate the polarization vector
related to the product of these quantities and the

squared saturation magnetization: P — P/ yxeM,-2.

The dimension of the reduced polarization is cm~.
The average polarization is calculated with the formula

1
(P) = ;‘IP(x,y,z)dxdydz. 3)

In addition, we calculated the polarization aver-
aged over the cell volume, <Pz in a similar manner in
order to study the dependence of the polarization on
the z coordinate. Its transverse dimensions are equal to
the transverse dimensions of the film, and the height is
equal to 3 nm, which corresponds to the sampling step
along the z axis.

3. RESULTS AND DISCUSSION

For a vortical magnetization distribution, the com-
ponents of the average polarization of the sample lying
in the film plane are equal to zero, since such a mag-
netization distribution generates a radial polarization
distribution. Therefore, in what follows, we will ana-
lyze only the polarization component perpendicular to
the film plane, (). Let us compare the graph showing
the change in the average polarization upon the rever-
sal of the magnetization of a two-layer film possessing
only uniaxial anisotropy of opposite signs with the
graphs showing the change in the average polarization
upon the reversal of the magnetization of films pos-
sessing, along with a combined uniaxial polarization
of different signs, cubic anisotropy. The cubic-anisot-
ropy constant is the same in both layers, but it has pos-
itive (Fig. 1) and negative (Fig. 2) values. On the left of
the graphs, the constants of cubic anisotropy are indi-
cated. The numbers in the graphs mark the considered
points at which the magnetization distribution, as well
as the polarization averaged over the cell volume, will
be studied further. The magnetization is reversed from
the state of saturation along the z axis to the state of
saturation against the z axis and, then, vice versa.

It can be seen from Fig. 1 that the maxima of the
average polarization curves for positive cubic anisot-
ropy shift to the region of low fields upon an increase
in the anisotropy constant. The intensity of the max-
ima becomes larger, and the local minima located near
the zero field also increase; accordingly, the hysteresis
practically disappears.
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Fig. 1. Average polarization (Pz> versus the strength of the

external magnetic field. The value of the positive constant
of cubic anisotropy is indicated to the left of the curves.

Figure 3a shows the magnetization distribution,
and Fig. 4 (curve I) shows the cell-volume—averaged
polarization over the film thickness with only uniaxial
anisotropy for a magnetic field /., = 1760 Oe (point /
in Fig. 1). It can be seen that the magnetization vortex
has not yet formed in this case. The constant of the
averaged polarization decreases smoothly between the
lower and upper film boundaries. Let us compare it
with the magnetization distribution and the cell-vol-
ume—averaged polarization for a film with a combined
uniaxial and cubic anisotropy of 4 x 10* erg/cm? for a
field H, = 500 Oe (point 2 in Fig. 1). In this case, the
vortex at the lower boundary of the film has already
practically formed (Fig. 3b). At the upper boundary,
the magnetization is still directed along the z axis. The
main contribution to polarization, as seen in Fig. 4,
curve 2, comes from the lower layer. The polarization
near the lower boundary of the film practically does
not change and then gradually decreases.

Let us now consider the change in the polarization
and magnetization of a sample in which there is no

cubic anisotropy near the minimum of E at point 3.
With a decrease in the saturating field, the average
polarization begins to decrease. In this case, the mag-
netization vector deviates toward the sample bulk.

When the field reaches —277 Oe (point 3 in Fig. 1),
the average polarization is negative. This corresponds
to a state in which the magnetization of most of the
sublayer with an easy-plane anisotropy has already
turned along the field, but the center of the vortex core
still contains magnetization that is oriented mainly
along the z axis (Fig. 3c). In this case, the polarization
averaged over the cell volume becomes close to zero in
the lower layer and becomes negative in the upper
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Fig. 2. Average polarization (P, ) versus the strength of the
external magnetic field. The value of the negative cubic
anisotropy constant is indicated to the left of the curves.

layer (Fig. 4, curve 7). This leads to a sharp decrease in
the average polarization.

For a sample with the combined cubic and uniaxial
anisotropy near the zero field, the average polarization
also has a local minimum in a field of —126 Oe (point 4
in Fig. 1). In this case, the polarization averaged over
the layers has a maximum at the center of the sample.
Figure 3d shows the corresponding magnetization dis-
tribution in the center of the sample and at its bound-
aries. At the lower boundary of the sample, the mag-
netization, with the exception of the vortex core,
already lies in the (x, y) plane. At the upper boundary,
although the vortex structure is already beginning to
form, the magnetization is still oriented against the
field. In the middle of the sample, where the maxi-
mum of polarization is observed (curve 4 in Fig. 4),
the magnetization gradually rotates along the field,
although magnetization oriented against the direction
of the field remains in the vortex core. Then, with a
decrease in the field, the magnetization of the upper
layer also rotates and the sample magnetization is
reversed.

For films possessing cubic anisotropy with a nega-
tive constant, on the contrary, the maxima of the aver-
age polarization curves shift to the region of high fields
upon an increase in the absolute value of the cubic
anisotropy constant and the intensity of the maxima
decreases (Fig. 2). Upon a decrease in the cubic-
anisotropy constant, there is also a difference in the
behavior of the average polarization near the zero
field: first, we observe an increase in the average
polarization and then a rapid decrease.

Let us consider the change in the magnetization
distribution and the polarization averaged over the cell
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Fig. 3. Magnetization distribution at the upper and lower film boundaries in different magnetic fields upon magnetization reversal
and (d) magnetization distribution between the film layers. The figure correspond to points (a) Z, (b) 2, (¢) 3, and (d) 4in Fig. 1.
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Fig. 4. Electric polarization averaged over the cell volume,

(P,)  versus the thickness in magnetic fields H: (1) 1760,
(2) 500, (4) —126, (7) =277, (3) —1600, (5) 500, and
(6) 450 Oe; curves 1, 2, 4, and 7were calculated after mag-
netization to saturation along the z axis, and curves 3, 5,
and 6 were calculated after magnetization to saturation in
the opposite direction.
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volume upon a reversal of the film magnetization from
the saturation state against the z axis to the saturation
state along the z axis. When the average polarization
reaches its minimum at point / in Fig. 2, which corre-
sponds to a magnetic field of —1600 Oe, the vortical
magnetization distribution does not have time to form
(Fig. 5a). In this case, the positive polarization in the
lower layer and negative in the upper layer turn out to
be virtually equal (curve 3 in Fig. 4). Then, already in
a positive field, an increase in (P,) is observed up to a
field of 450 Oe (point 2in Fig. 2). In this case, a vortex
forms in both layers of the film, and the magnetization
remains directed against the field everywhere, except
for the periphery of the lower film layer (Fig. 5b);
therefore, the film polarization turns out to be pre-
dominantly positive (curve 6 in Fig. 4). Upon a further
increase in the magnetic field, a decrease of (P.)
occurs near the field of 500 Oe (point 3in Fig. 2). This
is associated with the direction of the magnetization
along the field (Fig. 5¢) and partial compensation of
the positive polarization of the lower layer and nega-
tive upper layer (curve 5 in Fig. 4). The magnetization
and polarization distributions at the maximum values
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Fig. 5. Magnetization distribution at the upper and lower
film boundaries in different magnetic fields during magne-
tization reversal at points (a) /, (b) 2, (c) 3in Fig. 2.

of the average polarization are similar to those for
films with only uniaxial anisotropy.

CONCLUSIONS

The magnetization distribution and average elec-
tric polarization in two-layer nanosized ferromagnetic
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films with the combined cubic and uniaxial anisotropy
were studied numerically.

For the positive cubic anisotropy, the maxima of
the average polarization curves shift to the region of
low fields upon an increase in the anisotropy constant
and the intensity of its maxima becomes larger,
because a magnetic vortex has time to form in the
lower film layer, whereas the magnetization in both
layers near the maximum remains directed along the
field in a film with only uniaxial anisotropy.

For a film with the anisotropy of the layers of only
uniaxial easy-plane and easy-axis type, the average
polarization turns out to be negative at the points of
minimal dependence on the external field. This corre-
sponds to the state in which the magnetization of the
greater part of the sublayer with the easy-plane anisot-
ropy has already turned along the field, but the mag-
netization is still present in the center of the vortex
core, which is oriented predominantly against the
field.

For films with the cubic anisotropy with a negative
constant, conversely, the maxima of the average polar-
ization curves shift to the region of high fields upon an
increase in the absolute value of the cubic-anisotropy
constant and the intensity of the maxima decreases. In
this case, the magnetization and polarization distribu-
tions at the maximum values of the average polariza-
tion are similar to those for films with only uniaxial
anisotropy.

Upon a decrease in the cubic anisotropy constant,
a difference is also observed in the behavior of the
average polarization near the zero field: first, an
increase in the average polarization and then a rapid
decrease. Upon an increase in the average polarization
near the zero field, a vortex forms in both film layers
and the magnetization remains directed against the
field everywhere, except for the periphery of the lower
film layer; therefore, the film polarization turns out to
be predominantly positive. Upon a further increase in
the magnetic field, there is a decrease in the average
polarization, which is associated with the rotation of
the magnetization along the field and the partial com-
pensation of the positive polarization of the lower layer
and the negative polarization of the upper layer.

Thus, depending on the sign of the cubic anisot-
ropy constant, the character of the field dependences
of (P,) differs significantly: with a positive anisotropy

constant, the Pz> maximum shifts to the region of
high fields; the larger the cubic anisotropy constant,
the greater is its decrease.

REFERENCES

1. A. V. Prokaznikova and V. A. Paporkov, “Study of the
magneto-optical properties of structures on curved sur-
faces for creating memory elements on magnetic vorti-
ces,” Russian Microelectron. 49, No. 5, 358—371
(2020).

No.7 2021



650

2.

SHUL’GA, DOROSHENKO

A. P. Pyatakov, A. S. Sergeev, E. P. Nikolaeva,
T. B. Kosykh, A. V. Nikolaev, K. A. Zvezdin, and
A. K. Zvezdin, “Micromagnetism and topological de-
fects in magnetoelectric media,” Phys.-Usp. 58, 981—
992 (2015).

. F. Matsukura, Y. Tokura, and H. Ohno, “Control of

magnetism by electric fields,” Nat. Nanotechnol. 10,
No. 3, 209-220 (2015).

P. I. Karpov and S. I. Mukhin, “Polarizability of elec-
trically induced magnetic vortex plasma,” Phys. Rev. B
95, 195136-1—195136-16 (2017).

. V. G. Bar’yakhtar, V. A. L’vov, and D. A. Yablonskii,

“Theory of the inhomogeneous magnetoelectric ef-
fect,” Pis’ma ZhETF 37, No. 12, 565—567 (1983).

L. Vila, M. Darques, A. Encinas, U. Ebels, J. M. George,
G. Faini, A. Thiaville, and L. Piraux, “Magnetic vorti-

ces in nanowires with transverse easy axis,” Phys. Rev.
B 79, 172410-1—172410-4 (2009).

M. Goiriena-Goikoetxea, K. Y. Guslienko, M. Rou-
cod, I. Oruee, E. Berganzaf, M. Jaafarf, A. Asenjof,
M. L. Fernandez-Gubieda, L. Fernandez Barquing,
and A. Garcia-Arribasa, “Magnetization reversal in
circular vortex dots of small radius,” Nanoscale 9,
11269—11278 (2017).

K. L. Metlov, “Equilibrium large vortex state in ferro-
magnetic disks,” J. Appl. Phys. 113, 223905-1—
223905-5 (2013).

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 122

9.

10.

11.

12.

13.

14.

15.

K. L. Metlov, “Simple analytical description for the
cross-tie domain wall structure,” Appl. Phys. Lett. 79,
26092611 (2001).

G. A. Meshkov, A. P. Pyatakov, A. D. Belanovsky,
K. A. Zvezdin, and A. S. Logginov, “Writing vortex
memory bits using electric field,” J. Magn. Soc. Jpn.
36, 46—48 (2012).

N. V. Shul’ga and R. A. Doroshenko, “Nonuniform
magnetoelectric effect in a nano-sized ferromagnetic

film with surface anisotropy,” Phys. Met. Metallogr.
120, No. 7, 639—645 (2019).

N. V. Shul’ga and R. A. Doroshenko, “Electric polar-
ization in two-layer bounded ferromagnetic film,”
J. Magn. Magn. Mater. 471, 304—309 (2019).

N. V. Shul’ga and R. A. Doroshenko, “Hysteresis of the
electric polarization in a two-layer ferromagnetic film
with a vortical distribution of magnetization,” Phys.
Met. Metallogr. 121, No. 6, 526—531 (2020).

M. J. Donahue and D. G. Porter, OOMMF User’s
Guide. Version 1.0 NISTIR 6376 (Gaithersburg, Na-
tional institute of standards and technology, 1999).

M. Mostovoy, “Ferroelectricity in spiral magnets,”
Phys. Rev. Lett. 96, No. 6, 067601-1—067601-4 (2006).

Translated by E. Chernokozhin

No. 7 2021



	INTRODUCTION
	1. PROBLEM STATEMENT
	2. CALCULATION PROCEDURE
	3. RESULTS AND DISCUSSION
	CONCLUSIONS
	REFERENCES

		2021-08-18T20:07:54+0300
	Preflight Ticket Signature




