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Efficient spin–orbit torque magnetization switching by reducing domain nucleation energy  
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A B S T R A C T   

Spin-orbit torque (SOT) induced magnetization switching occurs via either coherent switching for devices with 
sizes comparable to a single domain, or domain nucleation followed by domain wall (DW) propagation for the 
larger devices. This study reveals that the energy required in domain nucleation is up to five times higher than 
DW propagation to achieve magnetization switching for any device smaller than 100 nm. Hence, the minimi
zation of the domain nucleation energy is critical to the optimization of energy efficiency. The reduction in 
domain nucleation energy is demonstrated in this work using an external magnetic field and the Dzya
loshinskii–Moriya interaction. Lastly, to capitalize on the energy difference between domain nucleation and DW 
propagation, we propose a two-pulse scheme that utilizes a brief high-power pulse to initiate domain nucleation 
followed by a longer low-power pulse for DW propagation. The two-pulse scheme can achieve energy savings of 
up to 72 % compared to using a single-pulse scheme. Our result determines that the two-pulse scheme has strong 
potential for significant improvements in SOT switching energy efficiency.   

1. Introduction 

Memory devices are now an integral part of our daily lives with the 
advent of artificial intelligence (AI), 5G communication technology and 
the Internet of Things (IoT) [1,2]. Magnetoresistive random-access 
memory (MRAM) is one promising non-volatile memory system with 
high scalability and speed [3,4]. Moreover, it is also attractive in 
nonconventional computing, such as in-memory computing, neuro
morphic computing due to its low power consumption [5]. Progressing 
beyond magnetic field-written MRAM, electrical current-based writing 
schemes currently take centre stage for their high speed and energy ef
ficiency through either spin-transfer torque (STT) or spin–orbit torque 
(SOT) [6,7]. In the STT writing scheme, electrical currents are injected 
perpendicular to the memory cell to induce spin-polarization via inter
action with the magnetic reference layer. The spin angular momentum 
from the spin-polarized current is transferred to the ferromagnetic 
memory layer’s magnetization, switching the magnetization direction 
under sufficient torque exerted by the spin-polarized current [8]. The 
high current density required does not only cost significant energy but 
also exerts unwanted electrical stress on the insulating barrier of the 
magnetic tunnel junction (MTJ), which drastically limits its endurance 
[9,10,11,12]. The newer SOT-MRAM emerged as an alternative elec
trical current-based writing scheme where the writing current does not 
flow across the MTJ barrier. In the SOT-MRAM scheme, the spin Hall 
effect (SHE) and Rashba–Edelstein effect dominate the conversion of the 
charge current into spin current when an in-plane current flows through 
a heavy material layer [13,14,15]. Heavy metals like W [16], Ta [7,17], 
and Pt [18] with strong spin–orbit coupling breaks spin accumulation 
symmetry, leading to the generation of spin currents that flow transverse 
to the charge current. A ferromagnetic memory layer adjacent to these 
heavy metals then experiences SOT due to this spin current and poten
tially undergoes magnetization switching. In the dimensional limit of a 
single-domain MRAM, SOT-induced magnetization switching occurs via 

coherent switching. For larger devices beyond this limit, the switching 
occurs via domain nucleation followed by domain wall (DW) propaga
tion [14,17,19,20,21]. To achieve high energy efficient SOT-MRAM, the 
domain nucleation energy reduction remains the primary direction. In 
addition, another promising approach is to optimize the current density 
applied for nucleating domain and DW propagation [22], such as using 
He+ ion irradiation to reduce DW nucleation energy [23], implementing 
STT to assist SOT switching [24,25]. In most works, single-pulsed cur
rents are applied to perform magnetization switching, necessitating a 
high current density to nucleate a reversed domain, even though it is 
excessive for DW propagation [20,26]. Therefore, an opportunity lies in 
further optimizing the energy consumption of SOT-induced magnetiza
tion switching by addressing the discrepancy in current density re
quirements between domain nucleation and propagation. In this work, 
we first investigate the lowering of domain nucleation energy with an in- 
plane magnetic field and Dzyaloshinskii-Moriya interaction (DMI). Next, 
we study the two-pulse writing scheme with distinct current densities 
applied for domain nucleation and DW propagation. From this study, we 
demonstrate the significant switching energy reduction using the two- 
pulse writing scheme compared to that of the single-pulse current 
scheme. Taking the benefits of the low energy consumption in the two- 
pulse current scheme, it is not only significant for MRAM application, 
but also for DW-based racetrack memory, logic device, and MTJ 
[27,28,29]. 

2. Micromagnetic simulation parameters and structures 

The numerical investigation in this work was performed by using 
Mumax3 [30]. We considered a general perpendicular magnetic 
anisotropy (PMA) heterostructure, comprising a CoFeB magnetic thin 
film, a MgO capping layer, and a W heavy metal seed layer, as illustrated 
in Fig. 1(a). The material parameters used were adopted from experi
mentally reported W/CoFeB/MgO [31,32,33,34,35]: the saturation 
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Fig. 1. (a) Schematic of W/CoFeB/MgO stack under investigation. (b) The magnetic hysteresis loops of CoFeB nanosquares with the variable square side length L. (c) 
The switching energy density of various CoFeB nanosquare sizes. Table 1 summarizes the material parameters used in this study. 

Fig. 2. (a) and (b) The switching loops induced by single current pulses under an in-plane field of Bx = 0.04 T and Bx = 0.04 T, respectively. (c) The snapshot of the 
reversal process of CoFeB nanosquare from up-domain to down-domain. The colours red, white, and blue represents up, in-plane, and down magnetization, 
respectively. 
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magnetization Ms is 1 MA/m, the exchange constant A is 15 pJ/m, the 
magnetic anisotropy energy Ku is 1 MJ/m3, the damping constant α is 
0.012, DMI value is − 0.73 mJ/m2, the spin Hall angle θSHA is 0.3. The 
anisotropy field Hk is 0.75 T, calculated from Hk = 2Ku/Ms − μ0Ms, and 
the domain wall width δDW is around 15 nm, derived from δDW =

π
̅̅̅̅̅̅̅̅̅̅̅
A/Ku

√
[36]. The thin ferromagnetic CoFeB nanosquare is defined with 

a variable square side length L and a fixed thickness of 1 nm. The 
simulation cell size utilized in this work is 1 nm × 1 nm × 1 nm. The 
material parameters are summarized in Table 1. The magnetization 
dynamics was resolved by using the Landau-Lifshitz-Gilbert (LLG) 
equation that includes SOT, expressed as Eq. (1), 

∂M
∂t

=
γ

1 + α2

(
M × Beff

)
+

γα
1 + α2 (M×

(
M × Beff

)
+ τSOT (1) 

Here, γ is the gyromagnetic ratio, M is the magnetization, Beff is the 

effective magnetic field, and τSOT is the spin–orbit torque. τSOT can be 
written as Eq. (2), 

τSOT = aDL(M × (p × M)) − bFL(M × p) (2) 

Where P is the spin polarization direction, aDL is the efficiency of 
damping-like torque and bFL is the efficiency of field-like torque. 

3. Results and discussions 

First, we investigated magnetic field-driven magnetization switching 
by applying an external magnetic field Bz along the out-of-plane direc
tion for CoFeB nanosquares with different L, to identify the difference in 
switching energy with device size. Their major hysteresis loops are 
presented in Fig. 1(b). The switching field Bsw decreased from 1.6 to 0.7 
T with increasing L from 15 to 128 nm. The reduction in Bsw arises from 

Fig. 3. (a) Critical switching current density Jc under in-plane magnetic field Bx, for all four permutations of domain direction and Bx. (b) The switching time τsw with 
the injection current density, under various Bx. 

Fig. 4. (a) Schematic of the simulated CoFeB nanowire devices with variable length Lx. (b) The magnetization evolution with the simulation time of devices with 
various Lx. (c) and (d) The switching time and energy of nanowire with different lengths Lx. (e) DW propagation energy Ep and nucleation energy Enu with CoFeB 
nanowire length Lx. 

T. Jin et al.                                                                                                                                                                                                                                       



Journal of Magnetism and Magnetic Materials 562 (2022) 169759

4

the transition in the switching mechanism from coherent switching as a 
single domain into multi-domain nucleation and propagation at larger L 
[37]. The average switching energy density ρsw calculated from ρsw =

BSWMs, are plotted in Fig. 1(c) as a function of L. The two regimes with 
rapidly decreasing and asymptotic ρsw with L represents the single and 
multi-domain switching, respectively. Thus, a representative maximal 
single domain size that can be initially nucleated during switching, lies 
at the transition of these two regimes, at approximately 50–60 nm. In the 
following discussions, we consider the single domain size as 55 nm, 
which is consistent with the experimentally reported CoFeB films 
[38,39,40]. In general, the lateral dimension of the previously reported 
MTJs of SOT-MRAM was approximately 100 nm, corresponding to the 
multi-domain mechanism during magnetization switching [41]. Thus, 
multi-domain magnetization switching remains technologically 
relevant. 

Next, we focussed on SOT-driven magnetization switching in a 
CoFeB nanosquare with a lateral size of 128 nm × 128 nm. Fig. 2(a) and 
2(b) demonstrate the magnetization switching induced by the single 
current pulse sweep under an in-plane field Bx = –0.04 T and Bx =+0.04 
T, respectively. Here, Bx was applied to not only achieve deterministic 
switching, but also set the switching loop’s polarity. The snapshot of the 
switching process from “up” to “down” by injecting a current pulse with 
a current density J = 2.8 × 1012 A/m2 is presented in Fig. 2(c). It 
revealed the switching process based on multi-domain model [19]. 
Domain nucleation is initiated from the top left corner of the device, 
followed by current-driven DW propagation across the rest of the device. 

For SOT-induced magnetization switching, a model for the critical 
current density Jc for coherent switching in single-domain was proposed 

by K. S. Lee et al. as Jc = 2e
h

MstF
θSH

(
Hk
2 − Bx̅̅

2
√

)
[42]. Based on the single- 

domain model, the Jc can be estimated from Hk and Bx for a practical 
system with the magnetic layer thickness of tF and the charge to spin 
conversion efficiency of θSH. Fig. 3(a) and 3(b) show the variation of Jc 
due to varying Bx and switching time τsw with the injection current 
density J. Under increasing Bx, Jc is reduced due to Bx inducing 
magnetization tilting, and lowering the switching energy barrier. τsw 
was quantified by considering the duration taken for 96 % switching, 
where the normalized magnetization changes from + 1 to − 0.96. τsw 
decreased with increasing current density applied, but current densities 
beyond 3.5 × 1012 A/m2 showed significantly diminished benefits in τsw 
reduction because τsw became dominated by the time spent nucleating 
the initial reversed domain. The existing model established by K. S. Lee 
et al. offers general relations between the parameters discussed above 
but is not directly applicable to our regime of interest where switching 
occurs via domain nucleation and propagation. In general, J required for 
domain depinning is much lower than that for domain nucleation. The 
main energy consumption for current-induced magnetization reversal is 
used to nucleate a reversed domain. In order to estimate the total energy 
for domain nucleation and propagation, we perform the micro-spin 
simulation. We take the assumption of the switching energy Esw for a 
nanowire as the summation of the domain nucleation energy Enu and 
DW propagation/depinning energy Ep, Esw = Enu + Ep. For nanowires 
with increasing length but constant width, Ep scales linearly with the 
nanowire area and length. On the other hand, Enu is taken as a constant, 
independent of nanowire length that are much longer than the initial 
reversed domain size. By considering a constant DW velocity, then Esw =

(Jwt)2Rτsw = Enu + (Jpwt)2Rτp. Here, w, t, and R represent the width, 
thickness, and resistance of the nanowire, respectively. Jp and τp are the 
propagation current density and propagation time for complete 
switching. 

Fig. 5. The nucleation energy under (a) in-plane fields and (b) DMI values.  

Fig. 6. (a) Schematic of single pulse current and two-pulse current. (b) Comparison of magnetization evolution driven by single pulse current and two-pulse current.  
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Fig. 4(a) shows the simulated CoFeB system with various nanowire 
lengths Lx and a fixed nanowire width of 128 nm. Fig. 4(b) shows the 
magnetization evolution over time for Lx from 64 to 1536 nm under J =
2.5 × 1012 A/m2, and Bx = -0.08 T. The change in τsw and Esw with Lx are 

plotted in Fig. 4(c) and 4(d), respectively. Both τsw and Esw increased 
linearly with Lx for Lx above 100 nm, as the DWs underwent identical 
propagation behaviour after the initial domain nucleation. However, 
when Lx was approximately 64 nm, τsw and Esw remained relatively 

Fig. 7. Schematic of two-pulse current with various (a) τnu, (c) τp, and (e) Δτ. (b), (d) and (f) magnetization evolution with simulation time t. Switching energy by 
varying (h) τnu and (i) Δτ. 
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unchanged. This was due to the nanowire size approaching the single 
domain limit, and the reversal process became dominated by the 
coherent switching. 

To resolve Ep and Enu from the overall Esw, the slope of the linear 
increasing Esw with Lx provides the Ep per unit length. By considering the 
initial reversed domain size of 55 nm, Ep can be derived by assuming the 
remaining segment of the wire switched via DW propagation. Thus, Ep =

(Ep per unit length) × (Lx–initial reversed domain size) can be calcu
lated, and the excess energy was attributed to Enu. Fig. 4(e) plots the 
derived Ep and Enu against Lx, where Ep increased linearly while Enu 
approached a constant of 56 fJ for large Lx. However, for the range of Lx 
below 100 nm, Enu was slightly raised up to 88 fJ, being almost five 
times higher than Ep. Such high Enu limits high-energy efficiency SOT 
devices. 

To gain insights into the reduction of Enu, we performed the simu
lation study of tuning Bx and DMI strength. Fig. 5(a) and 5(b) show the 
Enu with Bx and DMI values, respectively. When Bx increases from 0.08 T 
to 0.2 T, Enu reduces from 90 fJ to 45 fJ. While Bx is effective in reducing 
Enu, its practical application is limited because Bx beyond 0.2 T would 
require an external energy supply. The tuning of DMI strength is more 
applicable for practical applications. DMI reduces Enu, as demonstrated 
in Fig. 5(b), due to the increasing in-plane magnetization component 
induced, leading to reduced switching energy potential [43,44,45]. 

To further improve the energy efficiency, in the next study, we 
propose the two-pulse current switching scheme where two different 
current densities are used to optimize energy use for domain nucleation 
and the subsequent DW propagation. The simulated CoFeB device has 
the dimensions of 128 nm × 128 nm × 1 nm with a Bx of 0.08 mT applied 
for deterministic switching. Fig. 6 shows the Esw comparison between a 
single-pulse and two-pulse switching scheme. For the single pulse 
switching scheme performed using a constant current density of 2.5 ×
1012 A/m2, magnetization switching occurred at 0.72 ns. Taking τsw =

0.72 ns, Esw is calculated to be 147 fJ. For the two-pulse switching 
scheme, a nucleation current with a density of 2.5 × 1012 A/m2 and a 
duration of 0.2 ns was first injected, followed by the weaker propagation 
current with a density of 5 × 1011 A/m2 to complete the switching 
process. Esw is reduced significantly to 41.4 fJ with a τsw of 0.82 ns. This 
Esw reduction is due to the use of a lower driving current for DW prop
agation. Ep is proportional to Jp

2tp, to just be linearly proportional with 
Jp. 

Additional simulations have been performed to identify the influence 
of pulse width and interval Δτ on the two-pulse current scheme, as 
presented in Fig. 7(a-f). Fig. 7(h) and 7(i) summarize Esw with various 
τnu and Δτ. Fig. 7(a) shows the illustration of the nucleation pulse width 
τnu on switching with a fixed propagation pulse width τp of 2 ns and zero 
pulse interval Δτ. τp of 2 ns is excessive and used to ensure full switching. 
Fig. 7(b) shows a clear minimum τnu required to achieve full switching, 
and a switching time that decreases and saturates rapidly with 
increasing τnu. The switching energy Esw barely increased at τnu = 0.12 
ns, as shown in Fig. 7(h). It demonstrates the significant decrease in 
switching time can be obtained without a trade-off in Esw within this τnu 
range. Fig. 7(c) shows the illustration of the influence of τp on switching 
using a fixed τnu = 0.12 ns and Δτ = 0 ns. Here, the relationship is 
straightforward where the minimum τp required to achieve full 
switching is optimal. Fig. 7(d) shows the increasing degree of switching 
with increasing τp and the switching process converging towards that at 
τp = 2 ns. Under insufficient τp, an oscillatory behavior in perpendicular 
magnetization Mz is observed, and corresponds to the back hopping of 
the DW occurring due to DW reflection effect [46]. Fig. 7(e) shows the 
illustration of the influence of Δτ on switching with a fixed τnu = 0.12 ns 
and τp = 2 ns. A maximum threshold Δτ = 0.10 ns, above which no full 
switching is achieved and a decreasing switching time below this 
threshold, as determined in Fig. 7(f). Additionally, Fig. 7(i) shows a 
linear trend in Esw with Δτ, highlighting that the Δτ should be minimized 
for not only switching time but also Esw. For an optimal switching pro
cess using the two-pulse current scheme balancing the switching time 

and energy, τnu, τp and Δτ generally should be minimized to the point 
where full switching remains achievable. However, for τnu, a small 
regime where Esw barely increases while switching time reduces signif
icantly with increasing τnu can be exploited. 

4. Conclusion 

We systematically studied SOT-induced magnetization switching 
energy by analyzing the constituent domain nucleation and DW prop
agation processes. The use of in-plane magnetic field and DMI were 
demonstrated as effective means of lowering nucleation energy. 
Furthermore, the two-pulse current writing scheme with a lowered 
current density applied for DW propagation was verified to significantly 
reduce the switching energy, without tradeoff in switching time. This 
work, herein, establishes the approaches for the quantification and 
optimization of high-energy efficiency SOT-MRAM applications. 
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[29] D. Kumar, T. Jin, R. Sbiaa, M. Kläui, S. Bedanta, S. Fukami, D. Ravelosona, S. 
H. Yang, X. Liu, S.N. Piramanayagam, Domain wall memory: Physics, materials, 
and devices, Phys. Rep. 958 (2022) 1–35. 

[30] A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen, F. Garcia-Sanchez, B. Van 
Waeyenberge, The design and verification of MuMax3, AIP Adv. 4 (2014) 107133. 

[31] C.F. Pai, L. Liu, Y. Li, H. Tseng, D. Ralph, R. Buhrman, Spin transfer torque devices 
utilizing the giant spin Hall effect of tungsten, Appl. Phy. Lett. 101 (2012) 122404. 

[32] J. Kim, J. Sinha, M. Hayashi, M. Yamanouchi, S. Fukami, T. Suzuki, S. Mitani, 
H. Ohno, Layer thickness dependence of the current-induced effective field vector 
in Ta/CoFeB/MgO, Nat. Mater. 12 (2013) 240–245. 

[33] S. Cho, S.C. Baek, K.D. Lee, Y. Jo, B.G. Park, Large spin Hall magnetoresistance and 
its correlation to the spin-orbit torque in W/CoFeB/MgO structures, Sci. Rep. 5 
(2015) 14668. 

[34] Y. Takeuchi, C. Zhang, A. Okada, H. Sato, S. Fukami, H. Ohno, Spin-orbit torques in 
high-resistivity-W/CoFeB/MgO, Appl. Phys. Lett. 112 (2018) 192408. 

[35] D.M. Lattery, D. Zhang, J. Zhu, X. Hang, J.-P. Wang, X. Wang, Low Gilbert damping 
constant in perpendicularly magnetized W/CoFeB/MgO films with high thermal 
stability, Sci. Rep. 8 (2018) 1. 

[36] B. Dieny, M. Chshiev, Perpendicular magnetic anisotropy at transition metal/oxide 
interfaces and applications, Rev. Mod. Phys. 89 (2017), 025008. 

[37] J.M. Coey, Magnetism and magnetic materials, Cambridge University Press, 2010. 
[38] C. Zhang, S. Fukami, H. Sato, F. Matsukura, H. Ohno, Spin-orbit torque induced 

magnetization switching in nano-scale Ta/CoFeB/MgO, Appl. Phys. Lett. 107 
(2015) 012401. 

[39] H. Lv, J. Fidalgo, A.V. Silva, D.C. Leitao, T. Kampfe, J. Langer, J. Wrona, B. Ocker, 
P.P. Freitas, S. Cardoso, Multi-Level Switching and reversible current driven 
domain-wall motion in single CoFeB/MgO/CoFeB-based perpendicular magnetic 
tunnel junctions, Adv. Electron. Mater. 7 (2) (2021) 2000976. 

[40] C.-W. Chien, D.-Y. Wang, S.-H. Huang, K.-H. Shen, S.-Y. Yang, J.-H. Shyu, C.-Y. Lo, 
K.-M. Kuo, Y.-S. Chen, Y.-H. Wang, T.-K. Ku, D.-L. Deng, Scaling properties of step- 
etch perpendicular magnetic tunnel junction with dual-CoFeB/MgO interfaces, 
IEEE Electron Device Lett. 35 (7) (2014) 738–740. 

[41] K. Garello, F. Yasin, H. Hody, S. Couet, L. Souriau, S. H. Sharifi, J. Swerts, R. 
Carpenter, S. Rao, W. Kim, J. Wu, K. K. V. Sethu, M. Pak, N. Jossart, D. Crotti, A. 
Furnémont, G. S. Kar, Manufacturable 300mm platform solution for field-free 
switching SOT-MRAM, 2019 Symposium on VLSI Circuits, T194-T195 (2019). 

[42] K.S. Lee, S.W. Lee, B.C. Min, K.J. Lee, Threshold current for switching of a 
perpendicular magnetic layer induced by spin Hall effect, Appl. Phys. Lett. 102 
(2013) 112410. 

[43] L.H. Diez, M. Voto, A. Casiraghi, M. Belmeguenai, Y. Roussigné, G. Durin, 
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