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We investigate the dependence of the switching process on the perpendicular magnetic anisotropy (PMA) constant in
perpendicular spin transfer torque magnetic tunnel junctions (P-MTJs) using micromagnetic simulations. It is found that the
final stable states of the magnetization distribution of the free layer after switching can be divided into three different states
based on different PMA constants: vortex, uniform, and steady. Different magnetic states can be attributed to a trade-off
among demagnetization, exchange, and PMA energies. The generation of the vortex state is also related to the non-uniform
stray field from the polarizer, and the final stable magnetization is sensitive to the PMA constant. The vortex and uniform
states have different switching processes, and the switching time of the vortex state is longer than that of the uniform state

due to hindrance by the vortex.
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1. Introduction

The STT-MRAM has attracted extensive attention from
academia and industry as a novel nonvolatile memory technol-
ogy since 1996.1"2! Due to its fast programming speed, high
storage density, and low energy consumption, STT-MRAM
has become one of the strongest contenders among nonvolatile
memory candidates.>®) Compared with the traditional in-
plane STT-MRAM, perpendicular STT-MRAM, "% with its
unique theoretical advantages of lower switching current den-
sity and higher thermal stability, has become the mainstream
type of STT-MRAM. It is common knowledge that switching
current density is very sensitive to the spin configuration and
dynamics of magnetic tunnel junctions (MTJs). However, with
the further reduction in device dimension, the junction dimen-
sion is comparable to the exchange length of the system,[!!]
which makes spin configurations very susceptible to fabrica-
tion processes,!'?~14 and the current density becomes less pre-
dictable. Therefore, stabilization and manipulation of the spin
configurations become key problems that need to be solved
urgently. To overcome these problems, the study of the under-
lying physics of the switching mechanisms of perpendicular
MTIJs (P-MT]J) is essential. It is well known that the perpen-
dicular magnetic anisotropy (PMA)!-13! constant, Ky, plays an
important role in the switching process of P-MTJs. Many stud-
ies focus on the dependence of PMA on magnetic multilayer
film structures, such as CoFeB/Pt and CoFeB/Ni,[!17] but the
detailed mechanism by which K, affects the switching process
is still not clear. Because most investigations of the switching
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process have been based on the macrospin model,!'%!° such
a mechanism cannot be explained with a simple macrospin
model. Only micromagnetic simulations can reveal the de-
There-
fore, micromagnetic simulations are essential to obtain deep
insights into the switching processes.

In this study, we systematically investigated the switching

tailed spin dynamics during the switching process.

process dependence on K, for typical P-MTJ structures with a
wide range of K, by employing the Object Oriented Micro-
magnetic Framework (OOMME),?%! a public domain simula-
tor, with the public STT extension module.*!! We calculated
the average normalized out-of-plane magnetization M,/M; and
found the final stable spin configurations of the free layer with
various K. According to these results, the final stable state of
the free layer can be divided into three different states: vortex,
uniform, and steady. In addition, we analyzed the formation
mechanism of the three different states, especially for the vor-
tex state and its correlation with K,,. Finally, through showing
the time evolution of the spin configurations, the effects of K,
on the vortex and uniform state switching processes are com-
pared.

2. Micromagnetic simulations

Figure 1 shows the typical P-MT]J structures. The thick-
nesses of the Frree, Insulator, and Fpgjarizer layers were 2, 1,
and 1 nm, respectively. The saturation magnetizations of
Frree and Fpolarizer Were 1.3 x 10° A/m. The interface PMA
energy, K, of the free layer was varied from 0.5 x 10~
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to 1.0 x 1073 J/m?. 1In the micromagnetic simulations, we
set the perpendicular volume anisotropy K, with the relation
Ky = Ky /tFree to implement the interface anisotropy.!’! A bias
field of 4 x 103 A/m was assigned to the negative z-direction to
pin the magnetization of the Fpgarizer layer. The shapes of the
MTIJs were fixed as 40 nm diameter circular disks, as shown in
Fig. 1. The exchange stiffness constant Acx = 3.0 x 10! J/m
and the Gilbert damping constant &¢ = 0.02 were fixed in the
present work. The unit cell size was 1 x 1 x 1 nm>. The initial
magnetization distribution state was set as uniform. Positive
current was defined as flowing from the polarizer to the free
layers. The positive current prefered antiparallel (AP) config-
urations, as shown in Fig. 1. We applied a specific current
density of J. = 2.0 x 10'" A/m? for 10 ns from the initial uni-
form spin configuration to ensure that the magnetization can
be switched completely and then waited for 2 ns more with
zero current to relax the spin magnetic moment. After the
12 ns simulation time, we checked the magnetization config-
uration and determined the switching status. More details of
the micromagnetic simulations can be found in the previous
report.[>12%] For simplicity, we ignored the field-like term, and
all simulations were performed at 0 K. Thermal activation spin
motion was not considered.

J>0 (@)
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Fig. 1. (color online) Typical perpendicular magnetic tunnel junction (P-
MTJ) structure of (a) anti-parallel state of MTJ, and (b) parallel state of
MTIJ. Fgree and Fpolarizer are the ferromagnetic free layer and fixed layer;
the insulator layer is sandwiched between Free and Fpojarizer- The current
direction and coordinate system are as shown.

3. Results and discussion

We calculated the average normalized out-of-plane mag-
netization, M,/Mjs, of the free layers of AP-parallel (P) and
P-AP switching processes with various K,. To implement
the interface anisotropy, we varied K, from 1.0 x 10° to
2.0 x 10% J/m> because the surface PMA of the free layers
were varied from 0.5 x 107* to 1.0 x 1073 J/m?. Figure 2
shows the results of M,/M; of the P-AP and AP-P switch-
ing processes for various K, for the P-MTJ structure. The
final state can be divided into three types based on K,,: vor-
tex, uniform, and stable states. The vortex state is found for
K, < 0.7 x 10% J/m>. In this regime, the magnetization direc-
tion is not fully reversed; the final magnetization distribution
of the free layer shows a vortex state, as shown in the inset
map. Similar to the vortex for the in-plane anisotropy materi-
als, the PMA vortex has a vortex core where the magnetization

direction is perpendicular to the plane, and the other parts of
the vortex are in-plane magnetized with a chiral structure. In
addition, the average normalized out-of-plane magnetization
increased with increasing K. The uniform state was obtained
for 0.7 x 10° J/m* < K, < 1.3 x 10% J/m3. As shown in the in-
set map, the magnetization direction was completely reversed,
and this was the normal work area. When K, > 1.4 x 100 J/m3,
no change occurred in the magnetization direction for the free
layer, which remained in the initial state. The variation ten-
dencies of the magnetization for the final stable state with the
increase of K, for the initially AP and P states are almost sym-
metric, but the absolute value of magnetization for the initially
AP state is larger than that of P owing to the opposing charac-
teristics of the stray field from the polarizer.
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Fig. 2. (color online) Stable average normalized out-of-plane magneti-
zations, M,/M;, with various perpendicular magnetic anisotropy (PMA)
constants, K, for the free layer stable state after switching, initially paral-
lel (P)-states (red curve) and initially antiparallel (AP)-states (blue curve).
Three different regimes are indicated and separated by vertical dashed
lines. Insets: examples of spatial distribution of the magnetization related
to each region. The colors refer to the z component of the magnetization
(red positive, blue negative).

Considering that the stable state of spin configuration is
determined by the trade-off of inner energy,>! the stable state
of the free layer after switching for the initial P-state is the
same as that after relaxation for the initial AP-state. Thus,
we can explain the mechanism of vortex generation by an-
alyzing the relaxation process for the corresponding initial
state. Although there have been many previous studies on
vortex states, 24271 all of the research was focused on the in-
plane magnetic anisotropy (IMA) materials. As a result, the
detailed mechanism of vortex generation and the correlation
with K, for PMA materials still need to be elaborated.?®! Fig-
ure 3 shows the relaxation process for the initial AP-state with
K, =0.2x 10% J/m®. When K, < 0.7 x 10° J/m?, the maxi-
mum PMA energy is smaller than the initial demagnetization
energy; therefore, the initial uniform distribution of magneti-
zation is unstable and will precess to the in-plane direction.
Owing to the non-uniform stray field from the polarizer layer
and the finite size edge effect, the spins at the edge easily de-
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viate from the positive z-axis. Then, under the influence of ex-
change interactions, the adjacent internal magnetic moments
are driven to precess, and they propagate from the edge to the
center, finally producing a vortex core at the center, as shown
in Fig. 3(d).
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Fig. 3. (color online) Example of snapshots for the relaxation process
of free layer with perpendicular magnetic anisotropy (PMA) constant
K, = 0.2 x 10° J/m?, initially anti-parallel (AP)-states. (a) Initial state:
uniform out-of-plane. (b) The spins at the edge have a deviation from the
+z-axis. (c) Initial uniform area shrinks gradually. (d) Vortex state forma-
tion.

When K, > 0.7 x 10° J/m3, the maximum PMA en-
ergy is greater than the initial demagnetization energy; there-
fore, the final magnetization distribution after switching main-
tains a uniform state that is perpendicular to the horizon-
tal plane. It is common knowledge that the intrinsic thresh-
old current is proportional to K, for the P-MTJ.[”l When the
value of K, increases to 1.3 x 10° J/m3, the current density
J. =2.0x 101" A/m? that was set in our simulation is not
enough to overcome the anisotropy energy, and the magne-
tization of the free layer thus remains in the initial state.

To analyze the dependence of the vortex state on K, in
depth, we plot the total, exchange, demagnetization, and PMA
energies as functions of K, for the free layer stable state af-
ter switching for initially AP-states in Fig. 4. When K, >
0.7 x 10° J/m?, the total and demagnetization energies reach
their peak values and do not change further, and the exchange
and PMA energies are both zero. When K, < 0.7 x 10° J/m?,
the total and demagnetization energies decrease with the de-
crease of K,. Considering that the relationship between the
demagnetization energy and average out-of-plane magnetiza-
tions can be expressed simply as Epem = 1/21oM?2, the sta-
ble average normalized out-of-plane magnetizations, M,/M;,
of the vortex state also decrease with decreasing K,,. The ex-
change energy increases with decreasing K,, which hinders
the decrease of the demagnetization energy. Thus, the de-
cline rate of the average normalized out-of-plane magnetiza-
tions for the vortex state gradually decreases, as shown in
Fig. 2. The relationship between the PMA energy and angle
of magnetization from positive z-axis can be expressed sim-
ply as Epma = Kysin®6. Thus, the PMA energy will have a
nonmonotonic relationship with K, and the value of the PMA
energy reaches a peak at K, = 0.5 x 10 J/m?3, as shown in
Fig. 4.

T T T T T T T T T
5 o—9 *—Q |
o— /
o—
—
14 o—° @ .
- /
3 L
—
b 34 a___g———O/O T
= —o—total
= —@— exchange
5 2+ —0— demagnetization
= —— PMA
a 1
] o—9o—a—8—3—_ |
— —3
0- —o -
T T T T

—
01 02 03 04 05 06 07 0.8
K,/MJ-m™

Fig. 4. (color online) Total, exchange, demagnetization, and perpendicular
magnetic anisotropy (PMA) energies as a function of the PMA constant,
Ky, for the stable state of free layer after switching for initially antiparallel
(AP)-states.

Finally, to show the switching process of different states
more intuitively, we obtained snapshots of the spin configu-
rations of the free layer for the AP-P switching process at
K, = 0.2 x 10° J/m? and K, = 0.7 x 10° J/m3, as shown in
Figs. 5 and 6, respectively. As shown in Fig. 5, the switching
process can be divided into three sub-processes in the time di-
mension: nucleation, periodic precession, and damping oscil-
lation. Nucleation is the formation of the vortex state; it is dif-
ferent from relaxation in that the effect of the polarization cur-
rent accelerates the formation of the vortex state. During peri-
odic precession, the spin configuration changes periodically in
the order of counter-clockwise, inward radial, clockwise, and
outward radial vortex directions.?*! When the central vortex
nucleus flips over, the spin configuration enters the damping
oscillation process, and the chirality of the vortex state remains
in the counter-clockwise direction. Each magnetic moment is
damped to the stable state around its equilibrium position, as
shown in Fig. 7. The position of the final stable state is de-
termined by the energy trade-off of the system, as discussed
earlier.

§ 0-0.68 ns
nucleation

0.69—1.49 ns
periodic
precession

1.5—3.6 ns
damped
oscillation

time

Fig. 5. (color online) Time evolution of spin configurations of the free
layer for AP—P switching process at K, = 0.2 x 10° J/m?. (a) Nucleation,
(b) periodic precession, and (c) damped oscillation.

Figure 6 shows the switching process of the uniform
state. The first two sub-processes are the same as those of

the vortex state, but the last process is replaced by spin-wave

[25

emission,>> as shown in Fig. 7. In the spin-wave emission
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process, the uniform distribution of the magnetic moments be-
gins from the center area and propagates to the edge in the
form of waves. The waves will then be reflected after reaching
a certain distance, but the area of the uniform distribution state
after reflection is larger than that of the initial state. In this
way, all the magnetic moments are finally in a uniform state,
as shown in Fig. 6(c). Comparing the two different switch-
ing processes, it is not difficult to observe that the switching
time of the vortex state is much longer than that of the uniform
state, although the PMA constant of the vortex state is smaller
than that of the uniform state. This is mainly attributed to the
last damped oscillation time, which is about 2.1 ns, whereas
the spin-wave emission time is only 0.3 ns. Thus, we can con-
clude that the generation of the vortex state hinders the reversal
of magnetization.
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Fig. 6. (color online) Time evolution of spin configurations of the free
layer for AP-P switching process at K, = 0.7 x 10° J/m3. (a) Nucleation,
(b) periodic precession, and (c) spin-wave emission.
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Fig. 7. (color online) Time-dependent average normalized out-of-plane
magnetizations M,/M; for the initially AP-states MTJ structure with vari-
ous Ky (0.2, 0.7 MI/m3).

4. Conclusions

The final stable states of the spin configurations after cur-
rent induced switching for P-MT]J are divided into three types
as vortex, uniform and steady states based on the value of the
PMA constant. The mechanism can be explained by the en-
ergy trade-off in the system. The generation of the vortex
state is attributed to the non-uniform stray field from the polar-
izer, and the variations of the demagnetization, exchange, and
PMA energies determine the final stable state. Besides, the
average out-of-plane magnetization component of the vortex

state is sensitive to the PMA constant. Finally, we demonstrate
the time evolution of the spin configurations for the switching
processes of the vortex and uniform states and find that the
switching time of the vortex state is longer than that of the
uniform state because of the hindering action of the vortices
in the switching process. Therefore, avoiding the vortex state
may be an effective way to improve the switching speed of the
P-MT]J.
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