Spin-orbit torque assisted magnetization
reversal of 100-nm-long vertical pillar
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Abstract (up to 300 words)

Long vertical pillars, with a width of the order of nanometers and with perpendicular shape anisotropy (PSA), have high
thermal stability. The advantage of using longer pillars is that they can increase the memory areal density while maintaining
robust thermal stability. The current-induced magnetization reversal of long pillars is a significant challenge in spintronic
applications such as high-density magnetic memories. However, the magnetization of pillars that are more than 100 nm long
has never been reversed by spin-orbit torque (SOT) or spin injection from another ferromagnet. Against this background, we

propose a novel magnetization reversal method for pillars based on both SOT and spin transfer torque without using a
ferromagnet for spin injection. Furthermore, this SOT-assisted method significantly reduces the reversal time, as was
demonstrated by micromagnetic simulation. Using a spin-polarized current and SOT, the magnetization was reversed in
pillars with length >100 nm. The magnetization of pillars with PSA and those with both high perpendicular magnetic
anisotropy and PSA was successfully reversed. The findings of this study are physically novel and significant for practical
applications. Consequently, the proposed new writing scheme paves the way for next-generation spintronic devices.
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1. Introduction

High-speed magnetization reversal of ferromagnetic
(FM) materials is a technique that has garnered attention in
magnetic memory and other applications featuring FM
materials. In particular, the discovery of a current-induced
magnetization reversal method for a FM long pillar with a
length of several tens of nanometers is expected. This is
because the magnetization of long pillars results in high
thermal stability [1-4]. The magnetization reversal of pillars
is used in perpendicular shape anisotropy magnetic random-
access memory (PSA-MRAM) [5-8].

Current-induced magnetization reversal of the thin layer
occurs by injecting spin into the layer. One approach is spin
injection from another ferromagnet, which is a pin layer
(PL) [9-11]. When the current flows through a magnetic
tunnel junction (MTJ), comprising a PL/nonmagnetic
insulator layer and a FM free layer (FL), the spin is injected
into the FL from the PL, and the magnetization of the FL
reverses [9-11].

For another approach, there is a spin injection via the
spin Hall effect of a heavy metal (HM) when current passes
through the HM [12-14]. The injected spin induces a torque
to the magnetization of the FL, known as spin-orbit torque
(SOT). The SOT can reverse the magnetization of the thin
film of which thicknesses are less than 20 nm [15-20].
However, the magnetization reversal for the 100-nm-long
pillar with SOT has not been observed.

Recently, the magnetization reversal of a pillar due to
spin injection from the PL has been demonstrated using
micromagnetic simulation [21]. However, the spin torque
acts only on the magnetic moments near the surface of the
ferromagnet in which the spin is injected. Hence, there is a
maximum size of the FL in which magnetization reversal
occurs by spin injection [22]. In other words, the current-
induced switching method for a long pillar is not known.

In this study, we propose a novel current-induced
reversal method for a PSA-pillar. In this method, we used
both SOT and torque of the spin-polarized current flowing
through the pillar (spin transfer torque (STT)). This



reverses the magnetization of the pillar without spin
injection from the ferromagnet. Hence, the MTJ for
magnetization reversal was not necessary. This new flavor
method may have high speed, high thermal stability, and
high-density magnetic memory.

2. Model and Method

We used a micromagnetic simulation based on the
Landau-Lifshitz—Gilbert (LLG) equation to demonstrate
the magnetization reversal of a PSA-pillar. We assumed the
structure shown in Fig. 1. A pillar was placed on a wire of
HM. The magnetic moments of the pillar were subject to
the SOT resulting from the spin current polarized in the +y-
direction, which was injected into the bottom surface of the
pillar from the HM. In addition, spin-polarized current
flowed through the pillar. The diameter of the pillar D was
set to 20 nm, and the length was L (30 nm < L < 130 nm).
The pillar was subdivided into 1.0-nm-cubic cells. The
magnetization in each cell was calculated using the version
of the transposed LLG equation shown below (including
the SOT and STT terms, which are the third and fourth
terms on the right-hand side, respectively) [23-26]:
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Here, m denotes a unit vector denoting the magnetization
direction within each cell, ¢ is the simulation time, y is the
gyromagnetic ratio y = —1.76 x 10" rad s! T"!, a is the
Gilbert damping constant, and B. is the effective magnetic
field (composed of long-range magnetic dipole—dipole
interactions and short-range exchange interactions among
the neighboring computational cells).

A simulation code was developed in which the 4th
Runge—Kutta method was used for time integration. The
parameter values based on the properties of the permalloy
were selected as follows: a was set to 0.05, the saturation
magnetization M; was 850 kA m™!, and the exchange
stiffness constant 4 between the adjacent magnetic
moments was 13.0 pJ m ' [22,27,28]. These were used to
calculate the components of each magnetic field.

Vst is the divergence of the spin current for SOT,
defined as V-jsot = (0, 0u/0z, 0,) and u = up exp(—z/Arm) [22].
Here, uo is the magnitude of the injection velocity of the
spin current, polarized in the +y-direction, Apm is the spin-
diffusion length of the permalloy, and z is the distance from
the bottom of the pillar. The spin diffusion length Arv was
set to 2 nm [29].

Vs is the divergence of the spin current for STT,
defined as V-js« = Ou,m/0z [25]. Here, u, is a component of

Figure 1. (Color online) Schematic of the simulation
structure for magnetization reversal of the FM on the
HM owing to SOT and STT.

the spin current velocity u = (0, 0, u,) = Pjgus/ (2eM;),
where j = (0, 0, j,) is the current density of the spin-
polarized current flowing through the pillar, ug is the Bohr
magneton, and P is the spin polarizability of the spin-
polarized current. Eq. (1) is equivalent to a non-adiabatic
term of the spin torque considering f = a [25,26].

3. Simulation Results

First, we applied only the SOT of uo = 100 m s! to the
60-nm-long pillar (L = 60 nm) without the STT. The
magnetization was maintained in the initial —z-direction
(Fig. 2). After the SOT began to act on the pillar, the
magnetic moments in the lower part of the pillar canted
(Fig. 2(b,c)). However, the cant of the magnetic moments
occurred only in the lower part of the pillar, and the
magnetization did not reverse even at = 100 ns (Fig. 2(d)).

When only the STT of u, = 100 m s™! was applied to the
60-nm-long pillar, without the SOT, the magnetization
reversed to the +z-direction from the initial —z-direction
(Fig. 3). The magnetization reversal time was
approximately 12 ns. Here, we defined the time at which
the z-component of the averaged unit vector of the
magnetic moment at the cells of the top surface of the pillar
became 0.9, as the magnetization reversal time #. The
|Om/0z| of the magnetic moments is not just zero near the
bottom of the pillar. Hence, the STT acted on the magnetic
moments, and the magnetization reversed slowly. Figure
3(e) shows the time-dependence of the magnetization of the
pillar when the STT continued to be applied after
magnetization reversal. Here, <m,> is the z-component of
the averaged unit vector of magnetic moment. After the first
magnetization reversal, the magnetization returned to the
—z-direction. This magnetization reversal process is similar



Figure 2. (Color online) Snapshots of the magnetization
in the 60-nm-long pillar with the SOT of up = 100 m s™!
without the STT at £ = (a) 0, (b) 1, (c) 2, and (d) 100 ns.
The z-component of each magnetic moment in the pillar
was plotted with a colored small arrow.

to the process of the domain wall injection into the
nanowire with STT [30,31]

Next, we applied both the SOT of up = 100 m s and
STT of u, = 100 m s! to the 60-nm-long pillar. Figure 4
shows snapshots of the magnetization reversal process.
Before the SOT and STT were applied to the pillar, the
magnetization pointed in the —z-direction (Fig. 4(a)). The
SOT and STT began to act on the magnetization
simultaneously (¢ = 0). Subsequently, the magnetization at
the lower part of the pillar first began rotating by the SOT
(Fig. 4(b)). Because the pillar is long, the domain is
generated in the lower part. The magnetic moments turn in
the +z-direction because of the dipole—dipole interactions
near the bottom of the pillar while the domain moved to the
upper side of the pillar owing to the STT (Fig. 4(c)).
Consequently, the magnetization reversed in the +z-
direction from the —z-direction because of the SOT and
STT (Fig. 4(d)).

Figure 4(e) shows the time dependence of the
magnetization of the 60-nm-long pillar when the SOT and
STT continue to be applied after magnetization reversal.
The magnetization reversed at # = 1.8 ns. This
magnetization reversal time is much smaller than ¢ = 12 ns
when only the STT is applied. Because the spin-polarized
direction of the spin current for the SOT was perpendicular
to the initial magnetized direction of the pillar, the SOT
acted strongly on the magnetization at the bottom of the
pillar [10,32] and rotated on the magnetization. Thus, the
SOT increases |0m/0z| at the bottom. The STT propagated
the canting magnetization with assistance from the SOT.
Consequently, the magnetization was quickly reversed.

After the first magnetization reversal, the magnetization
returned to the —z-direction at ¢ =~ 2.7 ns. The magnetization
continued to reverse thereafter. When the SOT and STT
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Figure 3. (Color online) Snapshots of the magnetization
reversal process in the 60-nm-long pillar with the STT of
uz = 100 m s™! without the SOT at ¢ = (a) 0, (b) 11.5, (c)
12.0, and (d) 12.5 ns. The z-component of each magnetic
moment in the pillar was plotted with a colored small
arrow. (e) Time-dependence of the z-component of the
averaged unit vector of magnetic moment <m.>.

stopped, the magnetization reversal also stopped. The four
broken curves in Fig. 4(e) indicate the time dependence of
the magnetization when the SOT and STT stopped at = 1.2,
1.6, 2.0, and 2.4 ns. The magnetization approached the +z-
direction or —z-direction after the SOT and STT stopped.

Figure 4(f) shows the time-dependence of the magnetic
energy. The energy is plotted as the energy difference
between the magnetization of 7 and 7 = 0 (AE = E(¢) — E(0)).
When <m,> approached 1 and -1, AE decreased.
Meanwhile, when <m,> approached 0, AE increased. Hence,
the magnetization approached the +z-direction or —z-
direction after the SOT and STT stopped. This is similar to
the previous study for the magnetization reversal of the thin
film [33].

With both SOT and STT acting on the pillar, whether the
magnetization reverses depended on the length of the pillar
L. Figure 5(a) shows the magnetization reversal time ¢ of
the pillar with 40 < L < 130 nm with SOT of up = 100 m s
and STT of u, = 100 m s™!. The direction of magnetization
is maintained in the initial direction of the pillar that is less
than 54 nm, as shown by the gray region in Fig. 5(a). In
these cases, a domain was not generated in the lower part of
the pillar. Therefore, the magnetization was maintained in
the initial direction. When the pillar had a length of 54 < L
< 114 nm, the magnetization was reversed. The
magnetization reversal time # tended to increase as the
pillar length L increased. However, this difference was
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Figure 4. (Color online) Snapshots of the magnetization
reversal process in the 60-nm-long pillar with both SOT
of up=100m s™' and STT of u. = 100 m s " at ¢ = (a) 0,
(b) 0.5, (¢) 1.0, and (d) 1.5 ns. The z-component of each
magnetic moment in the pillar was plotted with a colored
small arrow. Time-dependence of the z-component of (e)
the averaged unit vector of magnetic moment <m-> and
(f) the energy difference (AE = E(f) — E(0)). The four
broken curves in (e) and (f) indicate <m,> and AE after
the SOT and STT stopped at = 1.2, 1.6, 2.0, and 2.4 ns,
respectively.

small, and the magnetization was reversed in approximately
2 ns. When the pillar had a length of 116 nm < L, two
domains were produced. The two domains maintained even
5 nm after the SOT and STT stopped.

Figures 5(b, c) show the dependence of the
magnetization reversal times # for the 60- and 100-nm-
length pillars on SOT and STT, respectively. The reversal
time increased with decreasing STT and SOT values. The
magnetization was reversed in the pillar with an STT of u,
larger than 50 m/s. By applying the SOT, the reversal time
rapidly decayed. Consequently, the SOT-assisted method
can significantly reduce the reversal time.

We introduce one for the reasons of the magnetization
reversal. Figure 6(a) shows the magnetic moments in the
cross section of the yz-surface including the center axis of
the 100-nm-length pillar with SOT of up = 100 m s ! and
STT of u, = 100 m s ' at £ = 0.89 ns. At this time, the
magnetic moments near the bottom pointed in the
approximately +y-direction owing to the influence of the
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Figure 5. (Color online) Magnetization reversal time
for the pillars of (a) 40 nm < L < 130 nm with SOT of
=100 m s! and STT of u. = 100 m s™!, and L = (b) 60
and (c¢) 100 nm as a function of uo and uz. In the pillar
with L < 54 nm, which is shown by the grey region in
(a), the magnetization direction was maintained in the
initial direction. The gray regions in (b) and (c) indicate
that the magnetization was not reversed even at 100 ns.

SOT. Because the magnetic moments at the edge of the
pillar pointed to the outside of the pillar, the magnetic
moments at one edge slightly have the +z-components (Fig.
6(b)). These moments with +z-components propagate to the
upper side owing to the influence of the STT (Fig. 6(c, d)).
Subsequently, the area with the magnetic moments of the
+z-direction was extended by the STT, and the
magnetization was subsequently reversed.

From the examples in which the magnetization reverse in
the pillar with the short length (L < 54 nm), we show the
magnetic moments of the 40-nm-length pillar with SOT of
up=100ms ' and STT of u,= 100 m s 'at = 1.0 ns, as in
Fig. 6(e)). Additionally, we show the z-component of the
magnetic moments () along the center line of the pillar
when m; of the bottom was closest to 0 in the 25-, 40-, and
100-nm-length pillars, of which the values of time are ¢ =
0.88, 1.0, and 0.15 ns, respectively. In the cases of the 25-
and 40-nm-length pillars, the magnetic moments were
maintained m, < 0. As the wire length became shorter, the
position of m, ~ —1 approached the bottom of the wire (Fig.
6(f)). These suggest that a larger SOT is required to rotate
the magnetic moment at the bottom of the pillar to m, =0 in
the shorter pillar.

Finally, we show the diameter-dependence of the

magnetization reversal times. Figure 7 shows the
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Figure 6. (Color online) Magnetic moments of the 100-
and 40-nm-length pillars with SOT of up = 100 m s ! and
STT of u, = 100 m s '. (a) Magnetic moments of 40 nm
on the underside of the 100-nm-length pillar at # = 0.88
ns. Magnetic moment of bottom edge of the 100-nm-
length pillar at (b) # = 0.88, (c) 1.10, and (d) 1.15 ns. (e)
Magnetic moments of the 40-nm-length pillar at # = 1.0
ns. (f) z-component of magnetic moments along the
center line (m:(z)) of the 100-, 40-, and 25-nm-length
pillars at £ = 0.88, 1.0, and 0.15 ns, respectively, here z
denotes the distance from the bottom of the pillar. The
small arrows in (a—e) indicate the direction of the
magnetic moments.

magnetization reversal times ¢ of pillar D = 15, 20, and 25
nm with SOT of up = 100 ms™! and STT of u, = 100 m s™'.
When the magnetization reversed, the diameter-dependence
of the magnetization reversal time was small. The smaller
the diameter, the smaller the minimum and maximum
lengths of the pillar where the magnetization reversal
occurs.
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Figure 7. (Color online) Magnetization reversal time #
of the pillar with diameter (D) of 15, 20, and 25 nm. #
for the 20-nm-diameter, which are small closed circles,
are the same graphs shown in Fig. 5(a).

4. Discussion

We demonstrated magnetization reversal of the PSA-
pillar. We discuss with a focus on applications using the
pillar, namely PSA-MRAM. In PSA-STT-MRAM, strong
spin injection from the PL is required to reverse the
magnetization of the pillar [21]. Our magnetization reversal
method does not require spin injection from another
ferromagnet. An element of MRAM can comprise our
proposed writing structure and another reading structure.

Various structures, such as MTJ, GMR, and Hall sensors,
can be used as the reading structure. We assumed MTJ,
which is practically used in MRAM. When the MTJ is used
for reading, a perpendicularly magnetized layer, such as a
CoFeB layer [34-36], may be used as the PL of the MTJ.
However, an MTJ composed of the pillar, which has a
perpendicular anisotropy K, = 0, shown in Fig. 8(a), may
have an MR ratio smaller than that of an MTJ of
CoFeB/MgO/CoFeB. An MTJ composed of a thin layer
with perpendicular anisotropy or interfacial perpendicular
magnetic anisotropy (IPMA) on the pillar of K, =0 [37-39],
as shown in Fig. 8(b), may have an MR ratio larger than
that of an MTJ with K, = 0. This structure also has higher
thermal stability. We simulated the magnetization reversal
for a 60-nm-long pillar in which the upper part has a high
K, of 1.0 MJ m™ or 3.0 MJ m3, and the other part has K,
of 0. (High K, materials have K, of the order of 1.0 MJ m3
[40-43].) Figure 8(c) shows the reversal time ¢ for a pillar
with a high K,, with both SOT of uo = 100 m s™! and the
STT of u, = 100 m s™! applied. The magnetization reversed
in the pillar with d < 53 (20) nm for K, = 1.0 (3.0) MJ m 3.
Here, d denotes the length of the region with a high K.
These reversal times were approximately equal to or
slightly smaller than 1.79 ns of the reversal time for the 0-
K., 60-nm-long pillar (d = 0). This result may be similar to
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Figure 8. (Color online) Schematics of (a) MTJ
composed of the pillar of K, = 0, and (b) pillar including
Ky, > 0. (c) Simulation results of the magnetization
reversal time ¢ for the 60-nm-long hybrid pillar with the
diameter of 20 nm in which the region d from the upper
surface has the perpendicular anisotropy of K, = 1.0 and
3.0 MJ m™3, with both SOT of uo= 100 m s' and STT
of u, = 100 m s™'. In the pillar with K, = 3.0 (1.0) MJ
m> with d in the right (dark) gray regions, the
magnetized direction was maintained. A dotted line of #
= 1.79 ns denotes the magnetization reversal time of the
60-nm-long 0-K, pillar (d = 0).

the magnetization reversal for an exchange coupled
composite (ECC) media and an exchange spring effect
[44,45] in which a high K, layer is used for robust thermal
stability and a high TMR ratio; and a soft layer of K, ~ 0
can significantly reduce the magnetization reversal time.
Moreover, optimization of the exchange coupling strength
between the two layers may improve the reversal time.

The magnetization did not reverse in the 60-nm-long
pillar with both PSA and PMA (d = 60 nm). The
magnetization in such a pillar reverses owing to the spin
injection from the PL [21].

Two domains were produced in a long pillar, such as the
20-nm-diameter-pillar with 116 nm < L, being acted on by
the SOT and STT. This is a negative result of magnetization
reversal for the PSA-MRAM. However, this will be used
for multi-bit MRAM [46,47] or vertical racetrack memory
[48,49].

5. Conclusion

In conclusion, the magnetization of pillars can be
reversed by the torque of the spin injection from the HM
(SOT) and the torque of the spin-polarized current flowing
through the pillar (STT). This magnetization reversal does
not use spin injection from another ferromagnet. This was
demonstrated using the micromagnetic approach. The

magnetization was reversed in the pillars with a length of
>100 nm, such as 20-nm-diameter-pillar  with
approximately 50 nm < L < 116 nm. Magnetization reversal
occurred in both the pillar with PSA and the pillar with high
K, and PSA. When the pillar was longer than approximately
116 nm, a magnetic domain was produced. These results
could be applied to device designs of magnetic memories,
such as PSA-MRAM and multi-bit MRAM. This SOT-
assisted method significantly reduces the reversal time. In
addition, the new flavor method with the ECC structure
may maintain high speed, high thermal stability, and high-
density magnetic memory. The magnetized direction can be
controlled by the timing of the application of the two
torques. It is expected that the magnetization reversal of the
pillar with the method described in this paper will be
observed experimentally in the future.
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