CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Multiple modes of perpendicular magnetization switching scheme in single spin-orbit
torque device

Tong-Xi Liu(X#i¥), Zhao-Hao Wang(FHIR), Min Wang(E %), Chao Wang(EH), Bi Wu(Rtt), Wei-Qiang
Liu(XIf55%), and Wei-Sheng Zhao (X % [I4:)

Citation:Chin. Phys. B, 2022, 31 (10): 107501. DOI: 10.1088/1674-1056/ac6ed9

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Enhancement of spin-orbit torque efficiency by tailoring interfacial spin-orbit coupling
in Pt-based magnetic multilayers

Wengiang Wang(F k), Gengkuan Zhu(Z<Hk %), Kaiyuan Zhou(JE187T), Xiang Zhan(i%F#), Zui Tao(M&l),
Qingwei Fu(f1ii N), Like Liang(# #15¢), Zishuang Li(Z=1-3%), Lina Chen(F£TEF), Chunjie Yan(Z%7%), Haotian
Li(Z=¥#5K), Tiejun Zhou(J& 2k %), and Ronghua Liu(XI|ZE4E)

Chin. Phys. B, 2022, 31 (9): 097504.  DOI: 10.1088/1674-1056/ac76aa

Probing the magnetization switching with in-plane magnetic anisotropy through

field-modified magnetoresistance measurement

Runrun Hao(##i[E{[), Kun Zhang(5K [2), Yinggang Li(Z=i0 ), Qiang Cao(# i), Xueying Zhang(7k %), Dapeng
Zhu(4< K ME), and Weisheng Zhao(#X 5 1)
Chin. Phys. B, 2022, 31 (1): 017502. DOI: 10.1088/1674-1056/ac21bb

Experiments and SPICE simulations of double MgO-based perpendicular magnetic
tunnel junction

Qiuyang Li(Z=3K7¥), Penghe Zhang(iK3%#9), Haotian Li(Z=¥5K), Lina Chen(FRNNER), Kaiyuan Zhou(J& 18 7T),
Chunjie Yan(Z:Z7%), Liyuan Li(ZENN%E), Yongbing Xu(%7K £%), Weixin Zhang(5k 2Jik), Bo Liu(Xl¥¥%), Hao
Meng(#i%5), Ronghua Liu(Xl| 5 4£), and Youwei Du(#H A)

Chin. Phys. B, 2021, 30 (4): 047504. DOI: 10.1088/1674-1056/abdea?2

Enhanced spin-orbit torque efficiency in Pt,,.Ni, alloy based magnetic bilayer

Congli He(fATHE ), Qinggiang Chen([% K 5E), Shipeng Shen(H tH ), Jinwu Wei(ZE% 1), Hongjun Xu(¥Fit %),
Yunchi Zhao(i&X z=3t), Guogiang Yu(-[E5#), and Shouguo Wang (.57 [#)

Chin. Phys. B, 2021, 30 (3): 037503.  DOI: 10.1088/1674-1056/abe3f4

Field-induced N\'eel vector bi-reorientation of a ferrimagnetic insulator in the vicinity of

compensation temperature

Peng Wang(EM8), Hui Zhao(4#%), Zhongzhi Luan(ZEfF %), Siyu Xia(E L F2), Tao Feng(F-1#), and Lifan Zhou(J&
1LE)
Chin. Phys. B, 2021, 30 (2): 027501. DOI: 10.1088/1674-1056/abbbef


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac6ed9
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac6ed9
https://doi.org/10.1088/1674-1056/ac6ed9
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac76aa
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac76aa
https://doi.org/10.1088/1674-1056/ac76aa
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac21bb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac21bb
https://doi.org/10.1088/1674-1056/ac21bb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abdea2
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abdea2
https://doi.org/10.1088/1674-1056/abdea2
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe3f4
https://doi.org/10.1088/1674-1056/abe3f4
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abbbef
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abbbef
https://doi.org/10.1088/1674-1056/abbbef

Chin. Phys. B 31, 107501 (2022)

RAPID COMMUNICATION

Multiple modes of perpendicular magnetization switching scheme in
single spin-orbit torque device

Tong-Xi Liu(XI#i#7)!, Zhao-Hao Wang(EHZ)"", Min Wang(£ )", Chao Wang(EEFH)!,
Bi Wu(# )2, Wei-Qiang Liu(X|#i5#)?, and Wei-Sheng Zhao(fX 5 i)+
1Fert Beijing Institute, MIIT Key Laboratory of Spintronics, School of Integrated Circuit Science and Engineering,

) Beihang University, Beijing 100191, China
College of Integrated Circuits, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China

(Received 14 February 2022; revised manuscript received 17 April 2022; accepted manuscript online 12 May 2022)

Spin—orbit torque (SOT) has been considered as one of the promising technologies for the next-generation magnetic
random access memory (MRAM). So far, SOT has been widely utilized for inducing various modes of magnetization
switching. However, it is a challenge that so many multiple modes of magnetization switching are integrated together. Here
we propose a method of implementing both unipolar switching and bipolar switching of the perpendicular magnetization
within a single SOT device. The mode of switching can be easily changed by tuning the amplitude of the applied current.
We show that the field-like torque plays an important role in switching process. The field-like torque induces the precession
of the magnetization in the case of unipolar switching, however, the field-like torque helps to generate an effective z-
component torque in the case of bipolar switching. In addition, the influence of key parameters on the mode of switching
is discussed, including the field-like torque strength, the bias field, and the current density. Our proposal can be used to

design novel reconfigurable logic circuits in the near future.

Keywords: spin—orbit torque (SOT), field-like torque, magnetization switching, perpendicular magnetization

PACS: 75.60.Jk, 75.78.Jp, 85.75.Dd, 75.70.T}j

1. Introduction

Magnetic random access memory (MRAM) has become
a promising candidate for both embedded and standalone
applications!!! due to its non-volatility, low power, high
speed, and nearly unlimited endurance. The write technol-
ogy of the MRAM, which is reflected by the mechanism
of magnetization switching, has long been attracting numer-
ous research interests as it significantly determines the per-
formance of the MRAM. To date, MRAM written by spin-
transfer torque (STT) has made great progress of both aca-
demic research and industrial applications. Nevertheless, new-
generation MRAM has been explored by researchers to out-
perform the STT-MRAM. Typically, spin—orbit torque (SOT)
MRAM shows great potential in non-volatile memory and in-
memory computing./>>! Comparing with the STT-MRAM,
the read and write paths are separated in the SOT-MRAM,
resulting in higher reliability. Furthermore, the SOT-driven
magnetization switching is as fast as several hundreds of
picoseconds, %! which qualifies the SOT-MRAM to be used
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in high-level caches.

Actually, the SOT-driven magnetization switching is
achieved under the joint effects of multiple factors, such as
magnetic anisotropy field, Gilbert damping torque, damping-
like torque, field-like torque, efc. Most notably, by changing
the relative proportions of these factors, the behavior of mag-
netization switching varies dramatically. Overall, both unipo-
lar and bipolar switching have been proposed with different
SOT mechanisms.®-!4]' As shown in Table 1, for the unipo-
lar switching, the magnetization is switched into the opposite
state once an SOT current larger than the threshold is applied,
regardless of the current polarity. For the bipolar switching,
the final magnetization state is dependent on the polarity of
the applied SOT current. The combination of unipolar and
bipolar switching could benefit the function extension of the
SOT-based memories or circuits. However, up to now these
two modes of magnetization switching are implemented with
different devices separately, which degrades the design flexi-
bility of the related memories or circuits.

Table 1. Unipolar and bipolar switching behaviors. In this table, J is the applied SOT current density with a magnitude larger than the
threshold. m, = —1 and m; = +1 represent the two states for storing binary data.

Unipolar switching

Polarity of J Initial state Final state

Bipolar switching

Polarity of J Initial state Final state

m; =—1 m; = +1
+J N

m, = +1 m; = —
_J m; =—1 m; =+1

m; = +1 m; =—1

m; =—1 m; = +1
+J N

m; = +1 m; =+1
_J m; = —1 m; =—1

m; = +1 m; =—1

Corresponding author. E-mail: zhaohao.wang @buaa.edu.cn
fCorresponding author. E-mail: wszhao@buaa.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

107501-1


http://dx.doi.org/10.1088/1674-1056/ac6ed9
zhaohao.wang@buaa.edu.cn
mailto:wszhao@buaa.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 107501 (2022)

In this work, we propose a novel scheme that implements
both unipolar and bipolar switching of the perpendicular mag-
netization within a single SOT device. The mode of switching
is only dependent on the amplitude of the applied current. The
change of switching mode is mainly attributed to the modula-
tion of the field-like torque. Our proposal makes it possible to
design the SOT-based memories or circuits with good recon-
figurability.

2. Device model

In this study, the magnetization switching occurs in a
common SOT magnetic tunnel junction (MTJ) with perpen-
dicular anisotropy as illustrated in Fig. 1. No special structure
is required in this device. A charge current passing through
the heavy metal induces the SOT which switches the perpen-
dicular magnetization of the free layer (FL). Generally, an ad-
ditional bias field is used to break the symmetry so that the
switching process becomes deterministic. This bias field could
be generated inside the device by using antiferromagnet!!>-18]
or magnetic hard mask.'”! The magnetization dynamics of the
FL can be described by a modified Landau-Lifshitz—Gilbert

(LLG) equation as follows:

8877? = —YUom X Hg+ oom X 8877:& —ApLEJm
X (mxo)—ALéImxo. (D

Here, m and o are the unit vectors of the FL magnetization
and SOT-induced spin polarization, respectively. J is the SOT
current density. The effective field includes the contribution
of the magnetic anisotropy field, the demagnetization field and
the external field. & = yh/ (2etpMs) is a device-dependent pa-
rameter, with y being the gyromagnetic ratio, 7 the reduced
Planck constant, e the electron charge, 7 the free layer thick-
ness, M the saturation magnetization. The default values of
some magnetic parameters are configured as follows, unless
otherwise stated. The damping constant (¢¢) is 0.05. The
effective anisotropy constant is 1.5x10° J /m3 . tg=1 nm,
M, =1x10° A/m, Apy, and Ag represent the strength of the
damping-like and field-like torques, respectively, Apy, is equiv-
alent to the spin Hall angle whose default value is 0.3. More
details are described elsewhere.!!!]

Tunnel barrier Read current

Fig. 1. Device structure and coordinate system in this study.

3. Results and discussion

In our proposal, the field-like torque must be strong
enough to implement multiple modes of switching within the
above magnetic device. Strong field-like torque has been re-
ported in previous researches.?->21 Moreover, a number of
researches have demonstrated that both the strength and sign
of Apr/ApL can be adjusted by tuning the material types or
fabrication processes. 202324 The strength of field-like torque
is related to multiple factors such as layer thickness, mate-
rial system, interfacial intermixing, efc. This is a compli-
cated issue and still under exploration. Recent researches
have reported several methods of enhancing the field-like
torque.?>?#! In this work Ap./ApL = 4 is chosen for a pre-
liminary study. Accordingly, macrospin simulation results un-
der the various current densities are shown in Fig. 2. For all
the cases, the device is subjected to a bias field of 20 mT,
and the pulse width of SOT current is set to be 0.5 ns. Both
unipolar and bipolar switchings can be clearly observed from
the simulation results. First, no switching occurs when the
current density is insufficient, since the torque is too weak
to overcome the energy barrier. Second, unipolar switching
is achieved if the current density is set to be an intermediate
value (see Figs. 2(b) and 2(e)). Finally, the switching process
becomes bipolar while the current density is further increased
(see Figs. 2(c) and 2(f)). Therefore, the mode of switching
can be easily changed by adjusting the current density. The
detailed mechanisms are analyzed below.

The large field-like torque plays a dominant role in the
unipolar switching process. According to Eq. (1), the field-
like torque is equivalently induced by an in-plane magnetic
field (Hpp). For Ap/ApL =4 and J = 6 X 10! A/m2, this
equivalent magnetic field is around Ap.EJ /Y =~ 237 mT, which
is much higher than the bias field (20 mT). In this case, the
magnetization vector almost precesses around the Hpp, with a
speed of yuo |Hpy |,!'3 as shown in Figs. 3(a) and 3(b). Thus,
the magnetization vector will turn to the in-plane direction (i.e.
m, = 0) after a delay of about 7/ (2yuo|HpL|), which is in
agreement with the results of Figs. 2(b) and 2(e). Finally, the
magnetization vector is stabilized at an equilibrium position
under the action of various torques.

The bipolar switching occurs if a larger current density is
applied. In this case, the field-like torque is enhanced so that
the magnetization vector is driven closer to the axis of o. Then
the torque induced by the bias field (Hp;,s) is nearly aligned
to £0 x Hy,s. Note that 6 and Hy;,g are parallel to x axis
and y axis, respectively (see Fig. 1), thus this torque is almost
oriented towards Fz axes. Depending on the direction of the
applied current, the magnetization vector is switched to the +z
axis or —z axis, as shown in Fig. 3(c) or Fig. 3(d). Overall, the
joint effects of the bias field and huge field-like torque lead to
the bipolar switching.
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Fig. 2. Macrospin simulation results of z-component magnetization (), indicating that ((a), (d)) no switching occurs while J =2 x 10'! A/ m?,

((b), (e)) unipolar switching occurs while J = 6 x 10'" A / m2, ((c), (D) bipolar switching occurs while J =7 x 10'T A / mz, ((a)—(c)) current is applied
along +y axis, and ((d)—(f)) current is applied along —y axis. The SOT pulse is withdrawn at 0.5 ns (as marked by the vertical dotted line).

z Z tween Fig. 4(a) and Fig. 4(b) is attributed to the various values
N
o of x component magnetization (m,). Specifically, since Hp;ag
—> L . .
/q\ is aligned to the +y axis, the z component effective torque
is contributed by £yugm, x Hyi,g. Stronger current density
(0] o \ . . .
| leads to larger m, (see Fig. 4(a)), and hence more easily drives
/"' the magnetization vector towards the z axis.
/i
y /o= re T IsT=s==s
.:'\z ( a) ]
(2) (b) i
z A 4 I
/ ]
< A g r
/ /T : Of
S
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Fig. 3. Trajectories of magnetization vector and key torques in switching ," S (b)
process: ((a), (b)) unipolar switching for J = 6 x 10'! A/m2 and ((c), (d)) (¥ / 1
bipolar switching for J = 7.5 x 10!! A/mz. Here other torques are not H
shown for the clarity. It is seen from panels (c) and (d) that the Hg torque & ,!
has +z component and —z component, respectively, which are mainly con- S 0 i
tributed by the bias field (Hy;,s). Here we only show the trajectories for the g |
case of starting point m, = 1, which are highly symmetric with respect to / B=20 mT
those for the case of starting point m, = —1. [ B=10 mT —e—m,
—B=5mT m,
It is important to mention that the role of the bias field be- ni —B=0mT
comes significant only when the current density is sufficiently _10f B E—
large. This conclusion can be explained by Fig. 4(a), where Time (ns)
a non—z.ero' bias field induces an' effeCtlYe torque .tO Pull the Fig. 4. Influence of the bias field on the magnetization switching for (a)
magnetization vector back, leading to bipolar switching. In bipolar switching and (b) unipolar switching.
contrast, the effect of the bias field is negligible in the case of The influence of key parameters on the switching mode
unipolar switching as shown in Fig. 4(b). The difference be-  is further discussed. Figure 5 shows the phase diagram of the
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final-state m, as a function of Ag./AppL and J. Overall, the
bipolar switching occurs when both the current density and
the field-like torque are large enough. In this case, the com-
bination of stronger field-like torque and larger current den-
sity causes magnetization vector to approach in-plane direc-
tion, favoring the bias-field-induced torque, as illustrated by
Figs. 3(c) and 3(d). On the other hand, the unipolar switch-
ing is obtained in a relatively narrow range of parameters,
where the field-like torque suppresses the other factors and
leads to the precession of the magnetization vector as shown
in Figs. 3(a) and 3(b).

The proposed mechanism of the magnetization switch-
ing is also validated through micromagnetic simulation. Here
the Dzyaloshinskii—-Moriya interaction (DMI) is further con-
sidered, since it is widely reported to exist in SOT devices.
Micromagnetic simulations are performed by the OOMMF
package. The MTJ diameter is changed to 100 nm for con-

+J; Initial m, =1
10

J (101! A/m?)

4

+J; Initial m,=—1

J (101! A/m?)

1 2 4 5

3
ArL/ADL

J (1011 A/m?)

J (10" A/m?)

structing the multi-domain scenario as distinguished from the
macrospin model. Other magnetic parameters are in con-
sistence with those used in macrospin simulation. Both the
unipolar and bipolar switching are implemented with the
appropriate parameter settings, no matter whether the DMI
strength is zero or non-zero. Typical results for non-zero DMI
(with a DMI magnitude of 0.3 mJ/ m? and an exchange stiff-
ness of 5 x 10~ J/m) are shown in Fig. 6, where the mag-
netization switching is completed through magnetic domain
dynamics. However, the DMI has a dramatic influence on the
characteristic of the magnetization switching. The unipolar
switching disappears in the case of strong DMI (not shown
here). Nevertheless, we find that the unipolar switching can
be recovered by increasing the exchange stiffness (e.g. it is in-
creased to 5 x 107! J/m in Fig. 6) or reducing the bias field.
The reason may be that the uniformity of the magnetization is
enhanced.

—J; Initial m,=1
10

1 2 3

ArL/ADL

4

5

0

Fig. 5. Phase diagram of m; as a function of Ag. /Apr, and J. Regions I, II, and III indicate, respectively, no switching, unipolar switching, and

bipolar switching.

Unipolar switching

Bipolar switching

Ons 0.07ns 0.5 ns

0 ns 0.05 ns 0.5ns 1.5 ns

Fig. 6. Typical simulation results of micromagnetic configuration for the proposed switching mechanism, with the applied SOT current densities for
unipolar switching and bipolar switching being J = 4.5 x 10! A / m?andJ =5.8x 101 A / m?, respectively, and SOT current withdrawn at 0.5 ns.
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XNOR XOR OR

w T
MUX
>
| - .
|_| write -—
GND
Bip
Ay | B
N=1 (XNOR)| N=2 (XOR) N=3 (OR) | NS: No switching
0 0 1 (US) 0 (NS) 0 (NS)
0 1 0 (US) 1 (NS) 1 (NS) US: Unipolar switching
1 0 0 (NS) 1 (US) 1 (BS)
BS: Bipolar switching
1 1 1 (NS) 0 (US) 1 (BS)

Fig. 7. Reconfigurable logic circuit using the proposed mechanism of magnetization switching. Here inputs are transistor gate voltage level
(An) and MT]J state in current cycle (B;), and output is MTJ state in the next cycle (Bj41).

Benefiting from the proposed switching scheme, the re-
configurable logic circuits can be flexibly designed. A typical
example is shown in Fig. 7. Three transistors with different
sizes are used as the selection switches for various logic func-
tions. One of three transistors is activated by MUX for gener-
ating a write current whose amplitude is in the range of unipo-
lar or bipolar switching. As a result, the specific logic function
can be implemented and reconfigured as indicated in the truth
table of Fig. 7.

4. Conclusions

In summary, we have proposed a novel switching scheme
for the perpendicular-anisotropy SOT device. The switching
mode of the device can be transformed between the unipolar
type and bipolar type, only by tuning the amplitude of the cur-
rent density. For the unipolar switching, the strong field-like
torque mainly governs the magnetization dynamics. For the
bipolar switching, the bias field and field-like torque jointly
determine the polarity of the magnetization switching. Our
proposal can breed a multifunction SOT device, especially is
suitable for the design of the reconfigurable memories and cir-
cuits. Furthermore, the presented theoretical work can provide
guidance and reference for the future experiments.
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