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Influence of the magnetic field of a spin-polarized current on gyrotropic

autooscillations of vortex nanooscillators
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The results of micromagnetic modeling of gyrotropic self-oscillations of a vortex spin-transfer nanooscillator

(VSTN) taking into account the magnetic field of the pump current are presented. The dependences of the core

orbital radius, resonant frequency, and gyration rate of the magnetic vortex on the pump current density are studied

for different values of the ratio of the thickness of the VSTN stack to its diameter. It is shown that the gyration

parameters depend significantly on the mutual direction of the vortex magnetic field and the magnetization in the

shell of the magnetic vortex. The conditions for phase synchronization of magnetostatically coupled VSTN chains

are discussed.
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1. Introduction

A low-frequency resonance associated with gyrotropic

motion of the core of a magnetic vortex around the

equilibrium position is found in circular ferromagnetic discs

with a vortex magnetization state. This resonance was

predicted theoretically [1,2] and investigated experimentally

and via micromagnetic modeling [3–10]. The interest in the

gyrotropic oscillation mode has been on the rise lately due

to the development of vortex spin-transfer nanooscillators

(VSTN) based on magnetic tunnel junction (MTJ), where

the vortex magnetization state is used to generate high-

frequency electromagnetic oscillations [11,12]. The electric

current through MTJ is modulated in these structures by

a rotating magnetic moment induced in a magnetic vortex

with its core in circular motion. The use of an MTJ-based

vortex nanooscillator with an MgO barrier makes it possible

to reach fairly high microwave power levels (on the order

of 10−5 W) [12]. To increase the generated power, VSTN

are combined into arrays with oscillation synchronization by

the magnetostatic [13–16] or exchange interaction [17–21].
However, one significant factor affecting the synchronization

of VSTN is the spread of their partial frequencies that may

be caused by the difference in a number of parameters,

such as the tunnel barrier transparency, pump currents,

or geometric parameters of discs in individual MTJ. The

situation is aggravated further by the presence of magnetic

fields induced by pump currents, which also leads to

significant dephasing of VSTNs in an array. The influence

of internal magnetic fields on the intrinsic frequencies of

VSTNs was examined in [22–26], but their effect on the

phase synchronization of VSTN remains unexplored. In the

present study, the influence of the magnetic field produced

by pump current on the parameters of gyrotropic oscillations

of a magnetic vortex and on the phase synchronization

of magnetostatically coupled VSTN is investigated via

micromagnetic modeling.

2. Methods

Magnetization changes under the influence of spin-

polarized current were modeled by numerical integration of

the Landau–Lifshitz–Gilbert–Slonczewski equation for the

magnetic moment

∂m

∂t
= −

|γ|

1 + α2
[m×Heff] + Td + Ts , (1)

where m is a unit vector in the direction of magnetization,

γ is the gyromagnetic ratio, and α is a dimensionless

parameter that characterizes damping. Effective magnetic

field Heff is written as

Heff = Hex + Hdem + Hcur, (2)

where Hex is the exchange field, Hdem is the demagnetizing

field due to magnetization, and Hcur is the field of

spin-polarized pump current (Oersted field). The term

characterizing the damping of precession has the following

form:

Td = −
|γ|

1 + α2

[

m× [m×Heff]
]

. (3)
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Figure 1. Schematic diagram of a magnetic nanocontact.

The term characterizing the spin-torque effect is written

as [27,28]

Ts = β
ε

1 + α2

[

m× [mp ×m]
]

+ β
αε

1 + α2
[mp ×m]. (4)

Here, mp is the magnetic moment of the polarizer and

β =
j z ~

Msateδ
,

where j z is the current density along axis Z perpendicular

to the surface of discs, ~ is the Planck constant, Msat is the

saturation magnetization, e is the electron charge, and δ is

the injector layer thickness. Parameter ε is given by

ε =
P32

(32 + 1) + (32 − 1)(m ·mp)
, (5)

where P is the degree of polarization of charge carriers

and parameter 3 is related to the tunnel barrier conduc-

tance [29].
A tunnel magnetic contact of finite thickness (Figure 1)

was considered in the present study. The layer with a

vortex magnetization pattern is highlighted in the figure;

the other layers, such as the carrier polarizer and po-

larization analyzer and the tunnel layer, are part of the

corresponding electrodes. Field Hcur of the pump current

may be calculated only numerically in this case on the

basis of the Bio−Savart−Laplace law. It was assumed

that homogeneous electric current flows through a cylinder

with height h and radius r = 250 nm. The magnetic field

of current was calculated using the Wolfram Mathematica

package on a rectangular grid with 31.25× 31.25 × 5 nm3

in size. The obtained field distribution was then transferred

by interpolation to a grid that matched the numerical grid

of micromagnetic modeling. It was also assumed that the

configuration of supply wires is such that their magnetic

fields compensate each other.

The MuMax3 simulator [27] was used to solve Eq. (1) nu-
merically. A circular permalloy disc with radius r = 250 nm

and thickness d = 20 nm was chosen as the basic element

for modelling. The following material parameters were used

in calculations: saturation magnetization Msat = 800 kA/m,

exchange interaction constant J = 13 · 10−12 J/m, damp-

ing parameter α = 0.01, anisotropy constant K = 0, and

parameters P = 0.2 and 3 = 1. A 128× 128 × 1

(512× 128 × 1) grid with a 4× 4× 20 nm3 unit cell,

which is smaller in lateral dimensions than exchange length

lex ≈ 5.7 nm [30], was used to model a single disc (chain of

discs). The cell height was equal to the disc thickness [31].
Periodic boundary conditions in the corresponding direction

were applied in modeling of a disc chain.

In order to induce gyrotropic self-oscillations, the vortex

equilibrium was first disturbed by applying a weak magnetic

field (10Oe) in the disc plane, and then the pump current

was switched on and the field was switched off. When

a chain of discs was modeled, 20Oe were also applied

to each disc at the initial stage. The local fields in discs

were directed at an angle of 85◦ to exclude the generation

of an antiphase mode of self-oscillations or
”
instantaneous“

synchronization.

3. Influence of the pump current field
on the gyration of a magnetic vortex
in a nanooscillator

Let us consider the effect of the magnetic field of

the pump current on a single vortex nanooscillator. The

schematic diagram of a cylindrical magnetic nanocontact

is shown in Figure 1. Symmetric nanocontacts with a

ferromagnetic working layer with thickness d located in the

middle were examined:

h = d + 2l,

where l is the thickness of the upper and lower electrodes.

The total electrode thickness was L = 2l .
Spin-polarized current flowing through a nanooscillator

produces magnetic field Hcur, which affects the gyration

parameters of a magnetic vortex. The dependence of the

azimuthal projection of the magnetic field (Hφ/ j z /H0)
at the edge of a disc with r = 250 nm normalized both

to current density j z = 107 A/cm2 and to magnetic field

H0 ≈ 150Oe of current in an infinite conductor on nor-

malized nanocontact thickness (h/r) is shown in Figure 2.

As the thickness of the supply electrodes increases, the

magnetic field at the disc edge intensifies monotonically,

reaching 87% of the magnitude of the infinite wire field at

h/r = 5.

The magnetic field of pump current affects significantly

the parameters of gyrotropic oscillations of a magnetic

vortex. The dependences of critical currents and the

frequency of self-oscillations of a magnetic vortex on the

supply electrode thickness are presented in Figure 3. If one
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Figure 2. Dependence of the magnetic field at the disc edge on

the proportions of supply electrodes.

disregards the magnetic field, the critical current density

of the start of self-oscillations is jStart = 1.067 · 107 A/cm2,

and the current density reached when oscillations stop is

jStop = 1.628 · 107 A/cm2. The magnetic field of current

induces a shift of these parameter values. When the vortex

shell vorticity is co-directional with the magnetic field of

current (H+/V +), the values of parameters jStart and jStop
increase. The resonant frequency of self-oscillations also

grows from 340 to 440MHz. When the vorticity is directed

opposite to the magnetic field (H+/V−), the values of
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Figure 3. Dependences of the critical current densities and the frequency of magnetic vortex self-oscillations on the proportions of supply

electrodes. a) Vorticity direction matches the magnetic field direction (H+/V +); b) vorticity is directed opposite to the field (H+/V−).
The lower bounds (blue curves) correspond to the current density of the start of generation, while the upper bounds (red curves) represent
the current density at the moment when generation stops. Current densities are normalized to jStart = 1.067 · 107 A/cm2.

jStart and jStop decrease, and the resonant frequency drops

from 340 to 280MHz.

Figure 4 presents diagrams illustrating the dependence of

the steady orbit radius of a vortex core on thickness of the

supply electrodes and pump current magnitude. It can be

seen that the vortex core orbit radius in the H+/V− case is

greater than the one in state H+/V +.

At the same time, it was found in modeling that the

gyration rate of the vortex core is virtually independent of

the mutual orientation of the magnetic field and the vortex

shell vorticity. Diagrams illustrating the dependence of the

vortex gyration rate on thickness of the supply electrodes

and pump current magnitude are shown in Figure 5. The

minimum gyration rates in these diagrams are on the

order of 20m/s, while the maximum rates are close to

340m/s. This depicted in greater detail in Figure 6, which

shows the cross sections of diagrams from Figures 3−5

corresponding to different values of parameter h/r . Figure 6

demonstrates that orbit radius rg increases monotonically

with increasing pump current (Figure 6, a), while self-

oscillation frequency ωg increases at first, but then decreases

(Figure 6, b). However, linear vortex gyration rate vg is

virtually independent of parameter h/r (Figure 6, c) and is

calculated as

vg = rgωg .

The reduction in gyration frequency with an increase in

pump current is apparently attributable to the transformation

of the vortex core in large gyration orbits. It is known that

the so-called
”
anti-core“ (region with magnetization directed

opposite to that of the core) starts forming near the vortex

core at pump currents close to jStop, eventually inducing a

switch of the core polarity and suppressing gyration [32].
The calculated profiles of the Z-projection of magnetization

in the radial section of a magnetic vortex at different pump
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Figure 4. Dependences of the steady orbit radius of a vortex core (color gradient) on the proportions of supply electrodes and the pump

current density: a) state (H+/V +); b) state (H+/V−). Current densities are normalized to jStart = 1.067 · 107 A/cm2 .
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Figure 5. Dependences of the vortex gyration rate (color gradient) on the proportions of supply electrodes and the pump current density:

a) state (H+/V +); b) state (H+/V−). Current densities are normalized to jStart = 1.067 · 107 A/cm2.

currents are shown in Figure 7, a. It can be seen that the

amplitude of the anti-core peak increases with an increase in

current density, while the core amplitude remains constant.

The dependences of integral magnetic moments of the core

and anti-core on pump current are shown in Figure 7, b.

It is evident that the integral moment of the core remains

virtually unchanged, whereas the magnetic moment of the

anti-core increases by almost an order of magnitude, which

leads to switching of the vortex polarity.

4. Influence of the pump current field
on synchronization of nanooscillators

The features of synchronization of self-oscillations of

vortices in discs combined into chains were examined. The

dependences of the oscillation phase difference on the

direction of shell vorticity of adjacent discs at different

directions of pump currents were studied. Magnetic

field distributions were calculated for nanocontacts with

ratio h/r = 0.3 (which corresponds to contact thickness

h = 80 nm) and pump current density j = 1.1 · 107 A/cm2.

This current was chosen so as to fall within the jStart− jStop
generation ranges for all possible combinations of directions

of vortex shell vorticity and magnetic fields of current. Two

methods of pumping the discs in a chain were considered.

In the first method, the electric pump current had the same

direction in adjacent discs, and magnetic field configuration

H+H+ was established. In the second case, the currents

were directed opposite to each other, and the configuration

was H+H−. Figure 8 shows the magnetic field distributions

in a unit cell of the disc chain. The field reaches its

maximum at the disc edges. The fields in the region between
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b) Dependences of integral magnetizations of the core and
”
anti-core“ on pump current density at h/r = 0.3.

discs are compensated in configuration H+H+ (Figure 8, a)
and are combined in the H+H− case.

Steady gyrotropic oscillations at a distance of 2r between

the edges of discs were examined to analyze the phase

characteristics of vortex gyration. Steady fluctuations of

the phase difference of vortex gyration were determined

after the stationary mode was established. The oscillating

mean magnetic moment in each disc was characterized by

a complex quantity

mn = mnx + imny , (7)

where mn is the induced magnetic moment in the first and

second discs (n = 1, 2). The phase difference of oscillations

in discs was calculated as

1ϕ12 = Arg(m1) − Arg(m2). (8)

The oscilloscope records of phase difference oscillations

for steady gyrotropic oscillations of vortices in neighboring

discs are presented in Figure 9. The amplitude of

phase oscillation in the H+H+/V +V + and H+H+/V−V−

configurations (Figure 9, a) was 0.90◦ and 0.72◦, respec-

tively. In the H+H+/V +V− configuration, oscillation

synchronization was not observed due to a significant

difference in partial frequencies of the gyrotropic vortex

mode in magnetic fields (Figure 9, b). At the same time,

when the pump currents in adjacent discs were oppositely
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Figure 9. Oscilloscope records of the steady phase difference of oscillations of magnetic vortices in adjacent discs. a) Configurations

H+H+/V +V + (red curve) and H+H+/V−V− (blue curve); b) configuration H+H+/V +V−, no synchronization; c) configurations

H+H−/V +V− (red curve) and H+H−/V−V + (blue curve); d) configuration H+H−/V +V +, no synchronization.

directed, oscillation synchronization with very weak phase

oscillations (at the 10−5◦ level, which is close to the error

of numerical integration; see Figure 9, c) was observed for

the H+H−/V +V− and H+H−/V−V + configurations. In

the H+H−/V +V + configuration, synchronization was also

not observed (Figure 9, d).
The amplitudes of phase difference oscillations for dif-

ferent configurations of vortices and magnetic fields are

listed in the table for comparison (lack of synchronization

is denoted by −)).
It follows from the results of earlier studies that a

reduction in the distance between discs in the chain

leads to a significant enhancement of magnetostatic [16]
and exchange [21] coupling (when discs start to overlap).
It would seem that this enhanced coupling could lead to

synchronization in the H+H+/V +V− and H+H−/V +V +

configurations. However, simple calculations of the mag-

netic field of spin-polarized current reveal the emergence

of significant distortions in the field configuration within

the discs due to the mutual influence of magnetic fields

of adjacent discs. In other words, the Oersted field in

each disc will become eccentric, and a magnetic vortex

with its core at the geometric center of a disc will no

longer be the equilibrium state of the system. This

field distribution will induce significant non-isochronism

of gyrotropic motion of the vortex core and result in
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Amplitude of phase difference oscillations for different configura-

tions of magnetic fields and magnetic vortices

Field Vortex Phase

H+H+ V +V + 0.90◦

H+H+ V−V− 0.72◦

H+H+ V +V− (−)

H+H− V +V− 0.00◦

H+H− V−V + 0.00◦

H+H− V +V + (−)

the lack of frequency synchronization. Note that similar

negative synchronization effects will be observed for all

four disc vorticity configurations and current flow directions.

Therefore, one should produce chains with a certain optimal

distance at which the magnetostatic interaction is already

sufficient for synchronization but the negative influence of

the Oersted field eccentricity does not manifest itself.

5. Conclusion

It was demonstrated via micromagnetic modeling that

the magnetic field of pump current exerts a significant

influence on the parameters of gyrotropic self-oscillations

of a magnetic vortex in a ferromagnetic disc. To minimize

this effect, one needs to reduce the thickness of supply

electrodes and compensate for the magnetic fields of supply

wires. It was found that the pump current field affects

the H+/V + and H+/V− states differently, increasing the

gyration frequency in one case and reducing it in the

other. This is crucial for synchronization of gyrotropic

self-oscillations in chains of interacting discs. The results

of micromagnetic modeling of gyrotropic self-oscillations in

disc chains revealed that the best conditions for synchroniza-

tion are established in the H+H−/V +V− and H+H−/V−V +

configurations with pump currents directed oppositely. Such

systems may be constructed based on arrays of discs

coupled with nanowires [33].
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