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Trajectory and frequency of vortex gyration
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Li Hua-Nan(Z2{L )Y, Liu Yan(#) #4)2, Jia Min(3{ #0)?, and Du An(ft %)%

a) College of Sciences, Northeastern University, Shenyang 110819, China
b) College of Physics, Jilin Normal University, Siping 136000, China

(Received 16 October 2014; revised manuscript received 12 November 2014; published online 10 February 2015)

Nonlinear vortex gyrotropic motion in a three-nanocontacts system is investigated by micromagnetic simulations
and analytical calculations. Three out-of-plane spin-polarized currents are injected into a nanodisk through a centered
nanocontact and two off-centered nanocontacts, respectively. For current combination (ip1, ipo, ip2)=(—1, 1,—1), the
trajectory of the vortex core is a peanut-like orbit, but it is an elliptical orbit for (ip1> ip0> ip2) = (1, 1, —1). Moreover, the
gyrotropic frequency displays peaks for both current combinations. Analytical calculations based on the Thiele equation
show that the changes of frequency can be ascribed mainly to the forces generated by the Oersted field accompanying the
currents. We also demonstrate a dependence of eigenfrequency shifts on the direction and distance of the applied currents.
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1. Introduction

Magnetic vortices are observed typically in patterned or
continuous soft magnetic thin films, and they can be char-
acterized by two vortex integers: the polarity p and the
chirality ¢. The term p =1 (p = —1) corresponds to up-
ward (downward) magnetization orientation of the vortex core
(VC), and the term ¢ = 1 (¢ = —1) corresponds to the counter-
clockwise (clockwise) rotation sense of the in-plane curling

12] The vortex has received extensive atten-

magnetization.
tion because of its practical applications in information storage
devices,>* spin-transfer microwave oscillators,! and mag-
netic memory. (6] Moreover, it has been demonstrated very re-
cently that nanomagnets with a single magnetic vortex struc-
ture can destroy cancer cells.!”8] Research into vortex dy-
namics mainly focuses on the gyrotropic motion, switching
of the VC, and the control of the vortex chirality. The first
successful manipulation of magnetic vortex was by magnetic
field,°~'1 and more recently, studies have especially focused
on the dynamics driven by an out-of-plane spin-polarized

dc current by means including metallic nanopillars,'>~!7]

nanocontacts, [18-26

I and magnetic tunnel junctions. >’28] With
the deepening explorations of vortex dynamics, the Oersted
field (OH) induced by current was proven to be important
in vortex dynamics. For example, the teams of Liu and
Yakata both found that OH could control the chirality of the
vortex.[!72] Nakatani er al. reported that the OH should be
taken into account in simulations of VC reversal.!*’! Choi et
al. observed that the eigenfrequency becomes higher or lower

in vortex gyrotropic motion, depending on whether the vor-

DOI: 10.1088/1674-1056/24/4/047501

tex chirality is parallel or anti-parallel to the direction of the
OH.!13

However, the OH in these studies was relatively sim-
ple and perfectly symmetric. Consider that three point-con-
tact spin-torque devices have been demonstrated experimen-
tally.31-321 In this letter, we design a new model, wherein the
spin-polarized currents are injected into a permalloy (Py) nan-
odisk through three independent nanocontacts. In this model,
the distribution of OH is not circular symmetry but consider-
ably complex, which results in a nonlinear response of the VC
displacement to the spin-polarized currents, and the frequency
spectra shows multiple peaks.

2. Model and micromagnetic simulations

A Py nanodisk of radius R = 200 nm and thickness L =
10 nm is chosen as the model and its ground state is a vor-
tex with polarity and chirality (p, ¢) = (1,1), as illustrated
in Fig. 1. Three out-of-plane spin-polarized currents are ap-
plied to the nanodisk through three independent nanocontacts.
For simplicity, we assume that three spin-polarized currents
with the same current density (J) will pass through each of
the individual contacts, and the radii of the three contacts are
R. = 50 nm, where the spin polarization of the currents are
all assumed to be S, = —1, pointing in the —z direction. The
contacts are located in the y axis of the disk symmetrically,
and their center-to-center distance d is chosen to be 100, 110,
125, and 150 nm, respectively. The direction of the applied
current is defined as i, = +1 (—1), corresponding to the +z
(—z) direction. Accordingly, we choose (ip1, ipo, ip2)=(—1, 1,
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—1) and (ip1, ipo, ip2) = (1, 1, —1) to study the vortex gyration,
the subscripts p0, pl, and p2 indicate the current located in
the center of the disk and the other two currents in the y axis,
respectively.

To conduct micromagnetic simulations of vortex gy-
rotropic motion, we use OOMMEF code, which is based on
the Laudau-Liftshitz—Gilbert equation, extended by the Slon-
czewski spin-transfer torque. >33 In the simulation, the nan-
odisk is discretized into many small cells, each with size
2.5 nmx2.5 nmx 10 nm, and the magnetic parameters used
for Py are as follows: the saturation magnetization My =
8.6 x 10° A/m, the exchange constant A = 1.3 X 107 J/m,
P = 0.4 is the degree of spin polarization, and the Gilbert
damping parameter ¢t = 0.05. The OH accompanying the cur-
rents is calculated using Biot—Savart’s law.

In our previous work, three dynamic phenomena have
been observed in this system: 1) no vortex excitation, 2) VC
gyrotropic motion, and 3) formation of a new configuration in
sequence with increasing J, where the critical current density
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between different dynamics is dependent on the current direc-
34]

tion and d.!

L =10 nm

Fig. 1. Schematic of the model system. The polarized currents are ap-
plied via three nanocontacts represented by white cylinders with radius
R.. The radius of the Py nanodisk is R and its thickness is L. The
ground state for the Py disk is a vortex with (p, ¢) =(1, 1), with p and ¢
indicated by the out-of-plane cone and the white arrow, respectively.

X10-18

§ J=4x10! A/m?
26 28 30 32
Time/ns

Fig. 2. (color online) (a) The trajectories of VC (white dots) for current combinations (ip1, ipo, ip2) =(—1, 1, —=1) and (i1, ipo, ip2) = (1,
1, —1). (b) The instantaneous frequency (@) of VC as a function of simulation time with the same J and various d for two current
combinations. The black dots represent the positions where the frequency peaks appear. The background shows the contour plots of

the Oersted field energy versus the VC position.

Here we focus on the second dynamic behavior, the VC
gyrotropic motion. Figure 2(a) shows the trajectory of VC for
the two current combinations. The VC experiences spiral mo-
tion until reaching a steady-state orbit. However, it should
be stressed that the steady-state orbit is obviously distinct
from the previously observed circular trajectory for the case
of one nanocontact. It has been known that in one nanocon-

tact structure, the potential is circularly symmetrical and the
corresponding steady trajectory is a single circular orbit.[>]
For our model, the orbits are clearly affected by the direction
of the currents. For (ip1, ipo, ip2)=(—1, 1, —1), the trajec-
tory is a peanut-like shape, but for (ip1, ipo, ip2)=(1, 1, —1),
it is an elliptical orbit. Such characteristic trajectories should
correlate with the distributions of OH generated by currents.
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The background in Fig. 2(a) shows the total OH energy ver-
sus the VC position in the disk. For (i1, ipo, ip2) =(—1, 1,
—1), the OH energy is symmetric, and it shows high values in
the middle region, so the VC endeavors to avoid the high en-
ergy region when it is rotating in the disk. In other words, the
high energy forces the VC to the low region, which induces
the slender waist of the peanut-like trajectory. For (ip1, ipo,
ip2)=(1, 1, —1), the elliptical trajectory is in excellent agree-
ment with its OH energy distribution, the higher OH energy in
the bottom region of the disk results in an elliptical trajectory.
Therefore, we can attribute these characteristic trajectories to
the non-circular symmetry of the OH energy.

Actually, a special VC motion absolutely corresponds to
a certain frequency mode, !'835-37] and the distorted orbits im-
ply that the gyrotropic frequency may depend on the VC po-
sition. Now we turn to investigating the instantaneous fre-
quency of the VC. The instantaneous frequency A@/Ar with
¢(t) = arctan(y/x), where @ is the angular position of VC in
polar coordinates, and x and y are the rectangular components
of the VC position vector. Figure 2(b) shows the gyrotropic
frequency changing in time for the same J and different d. We
can see that the frequency shows two peaks in one period when
(ip1, ipos, ip2) =(—1, 1, —1), where the peaks always appear at
the positions marked by the black dots on the VC trajectory.
For (ip1, ipo, ip2) =(1, 1, —1), the frequency shows only one
peak in one period, where the peaks corresponding to the po-
sitions are marked with black dots on the trajectory (Fig. 2(a)).

3. Analytical calculations

To elucidate the underlying physics of the observed gy-
rotropic frequency and to search for key parameters for reli-
ably controlling the frequency of VC oscillations, an analysis
of the forces acting on the VC motion is necessary. It has
been established that the motion of VC is well described by
the Thiele equation 33!

X X
ox X _piX _aw

i 7 S 1
” ” dX+ st =0, (D

where X = (x,y) is the position vector of the VC. The first
term in Eq. (1) is the gyroforce, where the gyrovector is given
by G = —G2Z with gyroconstant G = 2wpM,L/y, where ¥ is
the gyromagnetic ratio. The second term is the damping force.
The damping tensor is expressed as

D= ((2maMsL)/(7))(2+In(R)/(b)),

where b is the core radius. The third term is the restoring
force, which is due to the change of the system energy. The
total energy can be written as Wiy = W, + Wo + W) + Wy,
where Wy, Wy, Wi, and W, are the magnetostatic energy, the
Oersted field energy arising from the centered current Jy and
the other two off-centered currents J; and J,, respectively.

From previous work, we know that the magnetostatic energy
Wi = Ko | X |* /2, where ky = 10/9(M2L?/R) is the stiffness
coefficient.>3) The Oersted magnetic energy can be calculated
by

Wn:f/M~HndV, n=0,1,2. )

Here, H,, is the Oersted field in the disk plane arising from
the three currents. In our calculations, we assume that the
currents flow uniformly through a perfectly cylindrical cross
section underneath each of the individual nanocontacts. The

last term is the spin-transfer force,
Fsr = Fst0+ Fst1 + Fsta,

where Fsro, FsT1, and Fgto are the spin-transfer force caused
by the centered current and the two off-centered currents, re-
spectively. It is given by

Fstn=M(LB, [ Vesin?0dV, n=0,1,2, (3)

pen

and
B. = (h/2m)PJ,S,/(2poeMsL),

where 0, and @ are the polar and azimuth angels of magneti-
zations. In the calculations, we use the two-vortices ansatz to
describe the in-plane components and the bell-shaped ansatz
for the out-of-plane magnetization component of a moving
vortex.[?3! In addition, & is Planck’s constant, P is the degree
of spin polarization, py the vacuum permeability, and e the
electron charge. The subscript pcn denotes integration over
the regions underneath the individual nanocontacts. Based on
Egs. (1)—(3), the gyrotropic frequency of VC can be described
as

o 1 Fy + Fyo + By + Fyp + Fpg + Fopy + Fopp

T X G ’
4)
where
Fym = 0Wn/0X,  Fyo=0W,/dX,
Fy1 =0W,/0X,  Fy,=0W,/0X.

The superscript r indicates the radial component of the force.
According to Eq. (4), we obtain the VC gyrotropic frequency
 for the two current combinations, as shown in Fig. 3, where
D =125nm,J = 10, 4 x 101! A/m2. We can see the effects of
OH forces on the frequency in Figs. 3(a) and 3(b). If we take
only Fy,,,, into account, the gyrotropic frequency is a constant.
Then we add the force Fyy,, Fyy, becomes an oscillation like
a wave, with crest and trough. However, if we also include
the force Fy,; or Fy, in the calculation individually, the fre-
quency will show a higher value when the VC moves closer
to one of the two nanocontacts. Furthermore, if we take Fy,
and Fy, into account simultaneously, the frequency spectrum
presents a periodic-peak form. Figure 3(b) shows that Fy,
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makes a bigger contribution to the frequency for the current
combination (ip1, ipo, ip2)=(1, 1, —1). Figures 3(c) and 3(d)
diagram the contribution of the force Fgr, Fir,, and Fgp, to
the frequency, respectively. We observe that Fgr, has almost
no effect on the frequency, and F§p, and F§p, change the fre-
quency only slightly; however, they make a better fitting of
analytical calculations to micromagnetic simulations. On the
whole, the results of the analytical calculation agree well with
the simulations.
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Fig. 3. (color online) The calculated instantaneous frequency of VC as
a function of simulation time: (a) and (b) when only considering the
Oersted field force, and (c) and (d) also taking FST into account, where
the J and d are the same as those in Fig. 2(a).

In order to further clarify the contribution of each force
to the change of @, we plot the frequency change A®, which
refers to the magnitude of frequency originating from differ-
ent forces in one cycle, as shown in Fig. 4. Figure 4(a) shows
the VC orbits in one cycle, where the red star and black dot
mark the two peaks of frequency for (ip1, ipo, ip2)=(—1, 1,
—1) and the black dot indicates the frequency peak for (ip;,
ipo, ip2)=(1, 1, —1). Figure 4(b) diagrams the frequency in-
duced by different forces in one cycle, where Awy, Aw;, Aw,,
Awsto, AwsTi, and Awst; indicate the frequencies caused by

wos Fwis Fwas Fsro» Fér» and Fgp,, respectively. We can
see that Fy,, makes the greatest contribution to the frequency
change, while Fgr, makes almost no contribution to the fre-
quency change. The forces Fy;, and Fy, show alternating
positive and negative contributions to the frequency; this ef-
fect is also reflected in the changes of frequency in Fig. 4(a).
Likewise, Fgr, and Fgp, also have the same tendency for the
contribution to the frequency changes, with the smaller @ for
(ip1, Ipo, ip2) = (=1, 1, =1). For (ip1, ipo, ip2) =(1, 1, = 1), oy is
always positive, but @, has some negative values. Moreover,
we see that Fgp, exerts more contribution to the frequency
than Fgp,. Therefore, we conclude that the frequency changes
are attributable mainly to the forces induced by the Oersted
fields arising from the currents.
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Fig. 4. (color online) (a) Indication of the specific positions in one cycle
of VC orbits. The red star and black dot mark the positions where the
frequency shows two peaks for (ip1, ipo, ip2) =(—1, 1, —1), and the black
dot indicates the position where the frequency shows one peak for (ip1, ipo,
ip2)=(1, 1, —1). (b) The frequency induced by different forces in one cycle.
Awy, Aoy, Awy, Awsto, Atdsti, and Awst; indicate the frequency originat-
ing from Fy,q, Fyy, Fy,. Fyry» Fyry» and Fgp,, respectively. The same J
and d as set in Fig. 2(a).

The changes of the instantaneous frequency inevitably
create eigenfrequency shifts. The eigenfrequency represents
the average rotation frequency of the VC in one period. To
analyze quantitatively how such a complicated OH influences
the eigenfrequency of VC, we performed fast Fourier trans-
form (FFT) on the (m,). The eigenfrequency of VC is about
1.53 GHz for the nanodisk employed here. Figures 5(a) and
5(b) show the FFT spectra for the two current combinations
with different d and J. For (ip1, ipo, ip2)=(—1, 1, —1), the
fundamental frequency is insensitive to the current density at
a fixed d; its value is concentrated in a range of ~ 1.89 GHz.
However, with the decrease of d, the frequency shifts to lower
values. In sharp contrast, as the FFTs spectra for current com-
bination (ip1, ipo, ip2) =(1, 1, —1) show, the fundamental fre-
quency increases with the increasing J at a fixed d, whereas the
eigenfrequency shifts from 2.01 GHz to 2.14 GHz when J in-
creases from 2 x 10! A/m? to 4 x 10'" A/m?. But for the same
current density, the main frequency shows no dependence on
d. Let us look at this problem from another angle: actually,
the changes of eigenfrequency also reflect the period (T') of
VC gyration on the steady trajectory. For (ip1, ipo, ip2) =(—1,
1, —1), T increases with the decrease of d at a fixed J, but for
(ip1, ipo, ip2)=(1, 1, —=1), T is sensitive only to J; it has no
correlation with d.
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Fig. 5. (color online) (a) and (b) The Fourier spectra of (m,) depen-
dence on the current density and contact distance for (ip1, ipo, ip2) =(—1,
1, —1) and for (iy1, ipo, ip2) = (1, 1, —1), respectively.

4. Conclusion

In summary, using a three-nanocontact structure, we find
a nonlinear response of magnetic vortices to the currents. This
reveals that the frequency, an intrinsic dynamic characteristic
of a given vortex state, is controllable by changes in the direc-
tion, magnitude, and inter-distance of spin-polarized out-of-
plane dc currents. Analytical calculations indicate that Oer-
sted field force plays a key role in the behavior of VC gy-
rotropic frequency. The present work provides a reference
for frequency-tunable oscillators without additionally applied
magnetic fields. In addition, the phenomenon of frequency de-
pendence upon the position on the trajectory can probably be
used to control the VC motion and reversal.
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