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1. Influence of the thermal activation on the critical switching current
density

In this section, the influence of the thermal field on the critical switching current
density of the MTJ with S-PMA through the interplay of STT and SOT is investigated.
Under the assumption of single domain switching[1], we investigate the critical switching
current density using macrospin simulation. The thermal field added to the effective
magnetic field of the LLG can be written as
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where G is the vector created by a Gaussian random number generator, kg is the
Boltzmann constant, M, is the saturation magnetization, V; is the volume of the free
layer, and At is a small amount of time corresponding with the time step in the numerical
calculation.

Sfig. 1 shows the critical switching current density for ¢ty = 20 nm and D = 10 nm in
presence of thermal field. In Sfig. 1(a), we show m, dynamics for Jsor = 6.0 x 102
A/m’. The critical switching current density is observed at Jgpp = 1.98 x 10! A/m”,
where m, is located in-plane by the simultaneous application of SOT- and STT-induced
currents. The influence of the thermal field on the critical switching current density
is shown in Sfig. 2(b). In presence of the thermal field, the critical switching current
density decreases.
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Sfigure 1. (a) Magnetization dynamics for Jsor = 6.0 x 1012A/m2, and various JsT
(b) Comparison of Critical switching current density at T =0 K and T = 300 K.



Supplementary Information 3

2. Comparison of power consumption in STT switching, SOT switching,
and STT-SOT hybrid switching

Power consumption of conventional STT switching, SOT switching, and STT-SOT
hybrid switching by STT is investigated at the critical switching current density in this
section. We consider Ta as a heavy metal. The parameters used are pp, = 1.9 x 107°
Q-m, L1, =20 nm, W, = 20 nm, and t1, = 2 nm, where pr, is the resistivity of Ta,
L, is the length of Ta, Wi, is the width of Ta, and ¢, is the thickness of Ta. The
Other parameters used are the same as those used in main text. The critical current
denstiy of STT switching and SOT switching can be expressed as[2, 3]

2e Mgt
JSTT 5w = %(HOMS(NW — N..) + Hpux + Hi), (52)
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For SOT switching, the critical switching current density is large because it is less
dependent on Gilbert damping compared to STT switching. Therefore, the power
consumption of SOT switching is large. However, as the diameter increases, the power
consumption of SOT switching decreases sharply as shown in Sfig. 2.
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Sfigure 2. Power consumption of STT switching, SOT switching, and STT-SOT
switching by STT.
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3. Switching time of STT-SOT hybrid swithcing in MTJ with S-PMA

In this section, we investigate the switching time (ts,) of MTJ with S-PMA through the
interplay STT and SOT as a function of Jspr. When Jsor and Jgpr above the critical
switching current density are applied simultaneously, m, is located in the xy plane or

m, = —1. Therefore, in numerical calculation, magnetization switching is defined as
tlim |m.(t) —m.(0)] > 0.9 (S4)
—00

Sfig. 3 shows the tg, of the MTJ with S-PMA for a given Jsor = 6.0 x 10'2 A/m2,
tr = 20 nm, and D = 10 nm. In Sfig. 3(a), we observe the achievement of deterministic
magnetization switching. Here Jsor is turned off when |m.(t) — m.(0)| > 0.9. In Sfig.
3(b) shows the tg, as a function of Jgpr. At the critical switching current density, g,
is as large as about 250 ns and t, decreases significantly at Jgrr = 3.0 x 10! A/mQ.
And then tg, slowly decreases with increasing Jgpr.
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Sfigure 3. (a) Magnetization dynamics for Jsor = 6.0 x 10'2A/m” and various
Jsrr (b) The switching time of the MTJ with S-PMA as a function of Jgpr for
Jsor = 6.0 x 1012A /m”*.
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