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Nonmonotonic effects of perpendicular magnetic anisotropy on
current-driven vortex wall motions in magnetic nanostripes™
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In a magnetic nanostripe, the effects of perpendicular magnetic anisotropy (PMA) on the current-driven horizontal
motion of vortex wall along the stripe and the vertical motion of the vortex core are studied by micromagnetic simulations.
The results show that the horizontal and vertical motion can generally be monotonously enhanced by PMA. However, when
the current is small, a nonmonotonic phenomenon for the horizontal motion is found. Namely, the velocity of the horizontal
motion firstly decreases and then increases with the increase of the PMA. We find that the reason for this is that the PMA
can firstly increase and then decrease the confining force induced by the confining potential energy. In addition, the PMA

always enhances the driving force induced by the current.
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1. Introduction

Current-induced domain wall (DW) motion in a mag-
netic nanostripe, which has potential applications to the next-
generation data storage and logic devices, has been intensively
studied in recent years.!!"! For practical applications, how
to enhance the DW motion with small current is an impor-
tant concern. Thin stripes with high perpendicular magnetic
anisotropy (PMA) have attracted much intention because they
provide a pathway to lower the operation current against Joule
heating effects. 3! It was reported that the current-driven mo-
tion of the transverse wall (TW) can be enhanced by tuning the
PMA. "1 However, there is some confusion about the effects of
PMA on the current-driven DW motion. The enhancement of
domain wall (DM) motion may come from the decrease of the
confining force induced by the confining potential energy ™!
or the increase of the driving force induced by the current.
However, how the PMA affects the confining force and the
driving force has not been reported before.

In a magnetic nanostripe system, the vortex wall (VW)
is one of the basic domain walls.['%121 Ag for the VW, the
current-driven motions are more complex than that of the TW,
because the horizontal motion of VW along the stripe is ac-
companied by the vertical motion of the vortex core.!'3! The-
oretically, the study on the current-driven motions of the VW
may clarify more of the underlying physical origins than that
of the TW. Moreover, the vertical motion of the vortex core is
important because it may affect the coupling between the VWs
in two-stripe or two-VW systems. 4181 Hence, it is necessary

to clarify how the PMA affects the current-driven motions of
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the VW.

In this paper, the current-driven VW motions in magnetic
nanostripe system with PMA are studied by Landau-Lifshitz—
Gilbert (LLG) spin dynamics simulation. The numerical re-
sults show that the driving forces for both the horizontal mo-
tion and the vertical motion can be monotonously enhanced
by the PMA and the current. However, the confining force in-
duced by the confining potential energy firstly increases and
then decreases with the increase of the PMA. As a result, the
velocity of the horizontal motion firstly decreases and then
increases with the increase of the PMA when the current is
small. However, the velocity of the horizontal motion just in-
creases as the PMA increases when the current is larger than
a critical value. On the other hand, the velocity of the vertical
motion increases with the PMA in a monotonous way. The
underlying physical origins for these effects are quantitatively
provided.

2. Model

The sample used in this paper has a width of 64 nm, a
thickness of 10 nm, and a length of 2048 nm. This stripe
is placed in x—y plane. The horizontal axis, the vertical
axis, and the perpendicular axis are defined as x axis, y axis,
and z axis, respectively. In simulations, the unit cell size
axaxbis 4 nmx4nmx 10 nm. The saturation mag-
netization My = 1.4 x 10® A/m, and the exchange stiffness
A =2.0x 107" J/m.[" In the initial state, a VW is placed
in the center of the stripe by the helping of the mathemati-

cal equation given in Ref. [20]. In order to minimize the ef-
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fects that appear when DW approaches the end of the stripe,
a scheme that keeps the VW centered in the computational

n[?1-23] has been used. It shows this magnetic structure is

regio
a stable configuration even though the VW is not the ground
state of the investigated system. As shown in Fig. 1, when the
PMA constant K, < 200 kJ/m3, the VW is a metastable state
and can keep its shape under the spin transfer torque induced
by spin-polarized current. When K > 200 kJ/m3, the VW can-
not be stable, namely the stable state only favors a TW.

The model’s Hamiltonian is

H = *JexZMi'M/'*ZKZ(MiZ)Z*guBZh'Mi
(i.j) i i

(o [Med _yu oMy
i#] Tij Tij

where M; and M are the unit magnetizations for unit cells
i and j. The J is the exchange coupling constant for the
nearest neighbor cells. The K< is the perpendicular anisotropy
constant. The third term is Zemman energy, and g, Up, and
h denote Lande factor, Bohr magneton, and the external field,
respectively. The r;; denotes the lattice vector between cells i
and j. The ® is the dipole—dipole coupling parameter. Here,
only the dipolar interaction is contained. The sizeable con-
tribution for adjacent cells, namely all higher orders of the
multipole expansion, are neglected. Parameters Jex and ® can
be obtained by Jex = Aa and @ = FEMS*V,[2*%) where
Veell = a2b.
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Fig. 1. (color online) (a) Energies of VW system and TW system as a
function of PMA. (b) The stable initial state with a VW in the center of
the stripe.

When the current u is applied along the +x direction, the
generalized LLG equation with additional adiabatic and nona-
diabatic spin-transfer torque!>6-2%! can be written as

oM oM
781‘ = 7’}/M>< Hes+aM x 78t
+uM x Mx—aM +BuM><—8M, )
ox ox

where M is the unit magnetization vector, Hcg is the ef-
fective field including the anisotropy field, the magnetostatic
field, and the exchange coupling field, y is the gyromagnetic
ratio, o is the Gilbert damping constant, § denotes the non-
adiabatic spin torque coefficient, u is the effective drift velocity
of the conduction electron spins defined by u = jPgug /2eMs,
with P being the spin polarization, j the current density, g
the Lande factor, ug the Bohr magneton, and e the carrier
charge, respectively. In this paper, we choose @ = 0.01 and
y=2.21 x 10> m/As.[?! As for the VW, the non-adiabaticity
parameter is found to be much larger than the damping con-
stant o.[3%31 Therefore, B = 0.05 is assumed.

3. Results and discussion

Figure 2 shows the horizontal displacements d, of the VW
and the vertical displacements dy, of the vortex core as a func-
tion of simulation time with different currents. As the cur-
rent increases, both the horizontal motion and the vertical mo-
tion are enhanced. This happens because both the third term
and the fourth term in Eq. (2) increase with the current. As
shown in Fig. 2, when the current is sufficiently small, e.g.,
u = 35.2 m/s, the vortex core moves a small distance in a verti-
cal direction and then stops. This happens because a restoring
force produced by two distorted TWs to the vortex core may
prevent the vertical motion and keep the vortex core inside the
stripe. 2832331 When the current is larger than a critical value
(about 48 m/s), the restoring force is not able to prevent the
vortex core bumping over the vertical boundary. In this case,
the VW transforms to a TW when the vortex core moves out
of the vertical boundary. These results agree well with the pre-
vious reports. [20-34]

Figure 3 shows the horizontal displacements d, of the VW
and the vertical displacements dy, of the vortex core as a func-
tion of simulation time with different PMA. It shows that the
PMA has sizeable effects on both the horizontal motion and
the vertical motion. The inset of Fig. 3(a) shows that as K,
increases, the time-averaged velocity V, of the horizontal mo-
tion first decreases and then increases. This nonmonotonic ef-
fect has not been reported before and will be interpreted be-
low. However, as shown in the inset of Fig. 3(b), the time-
averaged velocity V, of the vertical motion increases with K
in a monotonous way. This monotonous effect comes from
the fact that the fourth (precession) term in Eq. (2) can be en-
hanced by the PMA, which will also be discussed below.

097506-2



Chin. Phys. B

Vol. 24, No. 9 (2015) 097506

40T
(a)

160 |

dy/nm

80

u=352m/s |
—@— «=50.3m/s
—A— w="75.4m/s
—W— ©=100.6 m/s
——v=1257m/s]

K.=10kJ/m? |

Fig. 2. (color online) (a) Horizontal displacements d, of the VW and
(b) vertical displacements d), of the vortex core versus simulation time ¢

t/ns

with different currents. The PMA constant K, = 10 kJ/m?>.

In order to understand the nonmonotonic effect of the 0

Figure 4 shows E, Egemag, Ex, and Ee as a function of the
horizontal positions x of the VW. Here, x = 0 denotes the cen-

ter of the stripe. The energies (Egemag, Ex, and Eex) are in

value relative to Ex of x = 0. As shown in Fig. 4(a), firstly,
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PMA on the horizontal motion, the confining potential en-

ergy of the VW is calculated. The confining potential energy
can be obtained by E = Egemag + EK + Eex, Where Egemag 18
the demagnetization energy, Ex the anisotropic energy, and
E.x the exchange coupling energy of the system, respectively.
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Fig. 3. (color online) (a) Horizontal displacements d, of the VW and
(b) vertical displacements dj, of the vortex core versus simulation time
t with different PMA. The insets of panels (a) and (b) show the time-
averaged velocities (within the range of 0-1.3 ns) of the horizontal mo-
tion and the vertical motion as a function of K, respectively. Parameter

Fig. 4. (color online) (a) Confining potential energy E of the VW, (b) demagnetization energy Egemag, (C) anisotropic energy Ex, and (d)
exchange coupling energy Eex of the system versus horizontal positions x of the VW with different PMA. The x = 0 denotes the center of the

stripe.
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E increases as x increases, which leads to a confining force
F = —dE/dx for hindering the horizontal motion. Secondly,
E increases with K, when K, < 25 J/m?; when K, > 25 J/m?,
E decreases with increasing K. It indicates that the confin-
ing force firstly increases, and then decreases with increasing
K, which leads to the nonmonotonic effect of the PMA on the
horizontal motion. In detail, as shown in Figs. 4(b)—4(d), it
is found that Egemag increases with K, while Ex and Eex de-
crease as K, increases, so the confining potential energy E can
increase firstly, and then decreases with increasing K,. Here,
some underlying physical origins should be illuminated: (i)
as K; increases, the z-component magnetic moment of each
cell increases, which leads to the increase of Egemag and the
decrease of Ex; (ii) as the z-component magnetic moment of
each cell increases, the angle between the magnetic moments
of the adjacent cells decreases, which leads to the decrease of
Eex; (iii) as x increases, Egemag and Eex increase, which mainly
comes from the magnetostatic confining effect of the stripe and
the distortion of the VW shape.[!8]

Interestingly, the effect of the PMA on the horizontal mo-
tion can be changed by tuning the current. Figure 5 shows
the average velocity V; of the horizontal motion as a function
of K, with different current. When u < 100 m/s, the function
is nonmonotonic. When « > 100 m/s, the function becomes
monotonous. This can be attributed to the PMA-induced com-
petition between the confining force and the driving force for
the horizontal motion. On the one hand, the PMA provides
a nonmonotonic effect on the confining force, as mentioned
above. On the other hand, the driving force for the horizontal
motion always increases with both the PMA and the current,
which is discussed below.
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Fig. 5. The average velocity of the horizontal motion as a function of
K with different current.

For convenience, equation (2) can be transformed into a
more manageable equation, as denoted in Ref. [25], it is

oM Y Yo

T = TTrea M Henm i p M (M x Hen)
1+a? ox
(¢—Bu oM
T M x E 3

The first term and the fourth term in Eq. (2) are precession
terms. The second term and the third term are relaxation terms.
In this way, the origins of the current-driven VW motions can
be more easily understood. We have done some simulation by
Eq. (2). The results show that the horizontal motion of VW is
caused by the third (relaxation) term, while the vertical motion
of the vortex core can be caused individually by the first (pre-
cession) and the fourth (precession) term. Hence, the driving
forces induced by current for both the horizontal motion and
the vertical motion is proportional to current u and the magne-
tization gradient d M /dx.

In fact, the PMA can affect the driving forces for both the
horizontal motion and the vertical motion due to the fact that
the PMA may change the magnetization gradient of the sys-
tem. For any horizontal position, the magnitude of the magne-

tization gradient can be defined as

aﬂ— IM; 2+ % 2+ oM, ’
ox ox ox ox )’

where M,, My, and M denote the components of the magneti-

zation moment at position x.
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Fig. 6. (color online) The magnitude of the magnetization gradient
JdM /dx of the initial state versus x with different K,. The inset shows
the average dM/dx over the area of the VW (from x = —60 nm to
x = 60 nm) versus K,. x = 0 denotes the center of the stripe.

Figure 6 shows the magnitude of the magnetization gra-
dient dM/dx of the initial state as a function of x with dif-
ferent K;. Here, M has been averaged in the y direction.
When x < —20 nm or x > 20 nm, dM/dx is almost inde-
pendent of the K;. When —20 nm < x < —4 nm or 4 nm
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< x < 20 nm, dM/dx increases as K, increases. At the po-
sition of the vortex core (x = 0), dM/dx decreases as K, in-
creases. Importantly, the average dM/dx in the range of the
VW (from x = —60 nm to x = 60 nm) increases with K, in
a monotonous way, as shown in the inset of Fig. (6). There-
fore, both the third (relaxation) term and the fourth (preces-
sion) term in Eq. (3) monotonously increase with the PMA,
namely, the driving forces for both the horizontal motion and
the vertical motion monotonously increase with the PMA. The
fact that the driving force for the horizontal motion always in-
creases with both the PMA and the current leads to the non-
monotonic effect of the PMA on the horizontal motion being
erased by large current. In addition, the PMA monotonously
enhances the driving force for the vertical motion leads to the
monotonous effect of the PMA on the vertical motion of the
vortex core.

4. Conclusions

In conclusion, both the confining force and the driving
force can be affected by the PMA of the system. On the one
hand, with the increase of the PMA, the confining potential
energy first increases and then decreases, which leads to a
nonmonotonic change of the confining force. On the other
hand, the PMA can monotonously enhance the average mag-
netization gradient in the range of the VW, which leads to
a monotonous enhancement of the driving force for both the
horizontal motion and the vertical motion. Due to the PMA-
induced competition between the confining force and the driv-
ing force for the horizontal motion, a nonmonotonic effect of
the PMA on the horizontal motion occurs when the current is
small, and the nonmonotonic effect is erased by a large cur-
rent. Due to the PMA-induced enhancement of the driving
force for the vertical motion, the vertical velocity of the vortex
core monotonously increases with the PMA.
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