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Faster vortex core switching with lower current density using
three-nanocontact spin-polarized currents in a confined structure”
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We perform micromagnetic simulations on the switching of magnetic vortex core by using spin-polarized currents
through a three-nanocontact geometry. Our simulation results show that the current combination with an appropriate current
flow direction destroys the symmetry of the total effective energy of the system so that the vortex core can be easier to excite,
resulting in less critical current density and a faster switching process. Besides its fundamental significance, our findings
provide an additional route to incorporating magnetic vortex phenomena into data storage devices.
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1. Introduction

A magnetic vortex stabilized in a micron or submicron
sized ferromagnetic structure is a curling magnetization dis-
tribution and the magnetization points perpendicularly to the
plane with about a 10-nm-sized vortex core (VC) at the cen-
ter of the platelet.!!? The dynamics of magnetic vortex has
attracted considerable attention for its extensive applications
such as microwave technologies, B3] magnetic memories, (41 and
cancer-cell destruction.®! To trigger vortex dynamics, the re-
searchers prefer spin-polarized current because the current is
easier to apply and consumes less energy than a magnetic field.
Yamada et al.'® and Liu ez al.!”! first reported the VC reversal
mediated by in-plane ac current and the VC reversal triggered
by out-of-plane dc current was first reported by Caputo et
al."® and Liu et al.'! However, a high value of critical current
density is the major difficulty in it being used in practice!!’]
and less switching time of magnetization reversal also has the
utmost significance in high density magnetic recording and
information processing technology.!!!l Researchers have ex-
plored many methods to reduce critical current density and
switching time, including an asymmetry pinning layer, com-
posite free layer, nanocontact geometry, laser-induced spin dy-
namics, and seeking new materials.!'>~2%1 Moreover, all kinds
of assisted methods, such as microwave field, static magnetic
field, alternating magnetic field, and thermal fluctuations were
also extensively used in the studies of manipulation of magne-
tization orientations. [>1-23]

In this paper, we present a method to reduce critical cur-
rent density and switching time by using a three-nanocontact
geometry in a confined structure. Recently, many studies
about nanocontact geometry have been reported. The one-
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nanocontact geometry was mainly used to excite the VC
oscillations, 240! and in the studies of one-nanocontact ge-
ometry, the contact usually is placed in the center of the sam-
ple, where the VC is difficult to excite because of the sym-
metry of the total effective energy of the system, and it is the
drawback of such a geometry. The common method to solve
this problem is to add a biased in-plane field to shift the VC
from the center of the nanodisk before applying the perpendic-
ular spin-polarized current.?”-?8! Various multi-nanocontact
structures have been designed to achieve the independent con-
trollability of each contact experimentally. Moreover, the
multi-nanocontact geometry was commonly applied to phase
locking of several oscillators for reducing the line width and
increasing the power to a practical application level.[?°-3?]
Further studies demonstrated that the magnetization configu-
rations were influenced by distance and the current flow di-
rection of the multi-nanocontact current.!3*** We found that
the trajectory and frequency of VC were also influenced by
the current direction and distance.!3>-3%] These studies inspired
us to design a new model to study the VC switching, where
the out-of-plane spin-polarized currents are injected through a
three-nanocontact geometry with tunable center-to-center dis-
tance and different current directions to make a nonuniform
system, making it easier to excite the VC to switch with shorter
time and less current density.

2. Model and micromagnetic simulations

A permalloy (Py: NiggFeyg) nanodisk of radius R=200 nm
and thickness L = 10 nm is chosen as the model and its ground
state is a vortex with polarity and chirality (p,c) = (1,1), as
illustrated in Fig. 1(a). The currents with the same magnitude
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are applied perpendicularly to the nanodisk through three in-
dependent nanocontacts, and the radii of the three contacts are
R. = 50 nm, where the spin polarizations of the currents are
all assumed to be S, = —1, pointing to the —z direction. The
contacts are located on the x axis of the disk symmetrically and
their center-to-center distance d is first fixed to be 125 nm. The
direction of the applied current is defined as i, = +1(—1), cor-
responding to the +z (—z) direction. Accordingly, we choose
(ip1» ipos ipz) = (1,1,1), (ip1» ipos ipz) = (1,1,—1) and (ip1,
ip0, ip2) = (—1,1,—1) to study the vortex polarity reversal, the
subscripts p0, pl, and p2 indicate the current located in the
center of the disk and the other two currents are in the x axis,
respectively.

The magnetization dynamics of VC is calculated by the
Object Oriented Micromagnetic Framework (OOMMEF) code,
which is based on the Laudau-liftshitz—Gilbert equation ex-
tended by the Slonczewski spin-transfer torque.*’-% The
spin-transfer torque term is expressed as Tstr = YBm X (m X
mp), B = %PJ /(2poMsL) where mp is the unit vector of the
spin polarization direction, y the gyromagnetic ratio, 4 Plank’s
constant, P the degree of spin polarization, J the current den-
sity, Up the vacuum permeability, e the electron charge, and
Mg the saturation magnetization. In the simulations, the cell
size is 2.5x2.5x 10 nm® and the magnetic parameters used for
Py are as follows: P =0.4, My = 8.6 x 10° A/m, the exchange
constant A = 1.3 x 10~ ! J/m, and the Gilbert damping param-
eter ¢ = 0.05. In this study, both the spin-transfer torque of
spin-polarized current acting directly on the vortex and com-
parable Oersted field accompanying the current are taken into
consideration, where the Oersted field is calculated by using
the Biot—Savart law.

3. Results and discussion

Figure 1(b) shows the critical current density (J.) and
the corresponding switching time (T;) for three current com-
binations. For comparison, we also perform the micromag-
netic simulations of magnetization dynamics excited by one
nanocontact with the same contact radius R.=50 nm, and J;
and 7Ty are also illustrated in Fig. 1(b). We find that the
VC in one-nanocontact geometry can be switched at J. =
16 x 10'" A/m? and T, = 19.7 ns. However, critical current
density and switching time change greatly for three combina-
tions. For (ip1, ipo, ip2) = (1,1,1), Jo = 6 x 10'" A/m?, and
Ty = 42.8 ns, the critical current density decreases by over
50% compared with the case of one nanocontact, whereas
the switching time of VC is relatively long. For (i1, 70,
ip2) = (—1,1,—1), Ty is almost the same as that of the one-
nanocontact case, however, the critical current density de-
creases to J. = 12 x 10'! A/m?. We find the exciting results for
both critical current density and switching time in the current
combinations (ip1, ipo, ip2) = (1,1,—1). The critical current
density decreases to J. = 6 X 101 A/m? and T, is only 3.88 ns,

indicating that the VC completes the reversal in a very short
time with very low current density. In addition, the magni-
tudes of J. and T; are also dominant compared with the min-
imum critical switching current density J. = 8 x 10'! A/m?
and its corresponding switching time 7; = 7.83 ns in a con-
fined off-centered geometry.!?"!

To explain the changes of switching time and critical
current density, we first need to clarify the specific switching
mechanism of VC in this model system. The simulations re-
veal that the switching of VC is through the nucleation and
subsequent annihilation of vortex—antivortex pair. In order
to clarify the VC switching process of this mechanism, we
illustrate the in-plane and out-of-plane magnetization changes
in the VC switching process as shown in Fig. 2. Figure 2(a)
shows the initial state of VC. Owing to the influence of the
current, the initial core is slightly displaced from the center
and undergoes a counterclockwise spiral motion as shown
in Fig. 2(b). For a large displacement, the circular symmet-
ric distribution of the in-plane magnetization around the core
is deformed, and then a new vortex-antivortex pair with op-
posite polarities forms on the inner side of the initial vor-
tex (see Fig. 2(c)). The new antivortex annihilates with the
initial vortex shown in Fig. 2(d), the vortex with the nega-
tive polarity remains there, and the core switching process is
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Fig. 1. (color online) (a) Schematic illustration of the model system.
The polarized currents are applied via three nanocontacts represented
by white cylinders with radius R.. The radius of the Permalloy dot is
R =200 nm and its thickness is L = 10 nm. The magnetization distri-
butions are indicated by the out-of-plane cone and the white arrow, re-
spectively. (b) Critical current density and the corresponding switching
time of different current combinations as noted and one nanocontact.
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completed as shown in Fig. 2(e). The gyroforce is responsible
for the VC excitation and Guslienko et al. explored the phys-
ical origin through analytical and micromagnetic calculations,
and their calculation results reveal that the vortex core rever-

vortex dynamic motion and is proportional to the velocity of
the moving vortex.”! This switching mechanism is similar to
that in the nanodisk in which the vortex polarity switching has
been reported by applying various magnetic fields or in-plane

sal originates from a gyrotropic field, which is induced by the ~ currents. [7-20-39-42]
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Fig. 2. (color online) Process of vortex core switching of current combinations (ip1, ipo, ip2) = (1,1,—1) at J =6 x 101 A/m?2.

While the discussion above shows the changes of magne-
tization in the process of VC switching, another vital problem
is the changes of velocity and trajectory during the VC switch-
ing. The nucleation and annihilation of the vortex-antivortex
pair reversal mechanism require the VC to reach the critical
switching velocity, and its value for Py is 320-370 m/s,[*3]
so we plot the velocity and trajectory versus time at the cor-
responding critical current density for each of three current
combinations shown in Fig. 3 to analyze their differences. We
find from the simulation that the critical switching velocity for
the VC here is 350 m/s, and the velocities and trajectories for
three current combination cases are also different. Note that
the VC is not excited at first, it stays in the center of the nan-
odisk for several nanoseconds after the current was applied
for (ip1, ipo, ipz) = (1,1,1) and (ip1, Ipos ipz) =(-1,1,-1),
leading to the relatively long switching time. However, the
VC is excited immediately after the current has been applied
for (ip1, o, ip2) = (1,1,—1) and the VC reaches the critical
switching velocity in a very short time, resulting in a faster
switching process (see Fig. 3(b)). Through the analyses on the
velocities of three combinations, we find that the VC spends
less time to depart from its equilibrium position at current
combinations (ip1, ipo, ip2) = (1,1, —1), resulting in faster VC
switching, whose physics origin will be analyzed in detail in
Fig. 4. For trajectory, the VC experiences spiral motion till
switching. However, it should be stressed that the trajectory of
VC is obviously distinct from the previously observed circular
trajectory for the case of one nanocontact.!*8! In our model,
the trajectory is obviously affected by the direction of current.
For (ip1, ipo, ipz) =(1,1,1) and (ip1» ipos ipz) =(-1,1,-1),
the orbits are elongated or compressed along the x axis, while
its equilibrium position is still in the center of the nanodisk.
However, the orbit of VC is not a circle anymore for (ip1, ipo,
ip)=(1,1,- 1) and its equilibrium also changes, because, we
find, the VC after reversal does not return to the center of the
nanodisk but stays at the right position of the x axis in the nan-

odisk, which means that the equilibrium position of the system
is shifted for this current combination.
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Fig. 3. (color online) Plots of velocity and trajectory of vortex core at the
corresponding critical current density for three current combinations ((a) for
(ipl, ip0> ipz) = (1,1,1), (b) for (ipl, ip0> ipz) = (1, 1,—1) and (c) for (ipl,
ip0, ip2) = (—1,1,—1)). The red line denotes the critical velocity of vortex
core switching, its value is 350 m/s, and the black empty circles and red solid
circles represent the trajectories before and after switching, respectively.

As the next step, we will explain the reason for the
shorter switching time and the equilibrium shifts in (ipy,
ip0, ip2) = (1,1,—1). We notice that the trajectory shown in
Fig. 3(b) is an off-centered trace and its gyration center is not
the center of the nanodisk, indicating that the equilibrium of
the VC motion changes. To elucidate the shifts of the equilib-
rium, we need to calculate the total effective potential energy

017502-3



Chin. Phys. B  Vol. 26, No. 1 (2017) 017502

of the model system. The magnetostatic energy due to the core
displacement and the Oersted field energy resulting from the
applied current constitute the total effective potential energy of
the system, here we ignore the exchange energy because it is
very low in our model system. The magnetostatic energy can
be calculated by Wy, = ko | Xo|* /2, where stiffness coefficient
ko = 10/9(M3L*/R), | Xo| is the distance between the VC
and the center of the nanodisk center. The Oersted magnetic
energy is calculated with W, = — [M - H,dV (n =0,1,2),

(ipl’ iPO? ip2) = (1r 1, 1)
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Fig. 4. (color online) Distributions of total effective potential energy for

(@) (ip1> ipo» ipZ) = (1,1,1), (b) (ip1> ipo» ipZ) = (1, 17_1) and (c) (ip1, ipos
ip2) = (—1,1,—1) with the current density being the same as those in Fig. 3.

where H, are the Oersted fields generated by three currents in
the disk plane, respectively. Figure 4 shows the distributions of
the total effective potential energy for three current combina-
tions. We find that none of the total effective potential energies
is circularly symmetric for three current combinations. The to-
tal energies are both bilaterally symmetric for current combi-
nations (ip1, ipo, ip2) = (1,1,1) and (ip1, ipo, ip2) = (—1,1,—1)
as shown in Figs. 4(a) and 4(c), and the minimum energies are
both in the center of the nanodisk, so none of their equilibrium
positions is shifted. However, the total energy is not symmet-
ric for (ip1, ipo, ip2) = (1,1,—1) shown in Fig. 4(b) and the
minimum energy of the system is shifted to some position on
the +x axis, so the equilibrium position is not in the center
of the nanodisk anymore but should be in the position where
the total potential effective energy is minimum. The VC will
rotate back to this position after reversal, thus the VC stays at
this position of the +x axis.

Actually, we have performed simulations at various
center-to-center distances ranging from d = 100 nm to d =
150 nm in order to find the influences of the nanocontact dis-
tance on the critical current density and switching time. Fig-
ure 5 shows the critical current density and the correspond-
ing switching time for various d values. For (ip1, ipo, ipz) =
(1,1,—1), the switching time and critical current density are
both lowest. For (ip1, ipo, ip2) = (1,1,1), the critical current
density is relatively low, but the switching time is the longest.
For (ip1, ipo, ip2) = (—1,1,—1), the switching time and criti-
cal current density are between those of the other two current
combinations. For three current combinations, the trends of
critical current density and switching time are similar to the
scenario of d = 125 nm except for the trivial changes of val-
ues, indicating that d exerts negligible influence on J, and Ts.
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Fig. 5. (color online) Critical current density and the corresponding
switching time for various d between the nanocontacts.

4. Conclusions

In conclusion, we realize the faster VC switching with
lower current density through breaking the symmetry of the to-
tal effective potential energy of the system by using different
direction current combinations. The micromagnetic simula-
tions reveal that the switching time and critical current density
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are highly sensitive to current direction, but insensitive to the

distance between the nanocontacts.
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