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Abstract 
 
Multi-state spin-orbit torque (SOT) switching, particularly in magnetic tunnel junction (MTJ) 

geometry, is promising hardware for artificial intelligence due to its potential to form artificial 

neurons and to increase storage density per bit. Here, we demonstrate multi-state switching in 

Pt/Co40Fe40B20/MgO-based elliptical MTJ, fabricated on a 200 mm wafer platform, using 

nanosecond spin-orbit torque pulses. Multi-state switching is achieved using MTJs composed 

of a single ferromagnetic storage layer and without resorting to any domain-wall pinning step. 

The genesis of the multi-states, rather than the expected bistable states in MTJs, come from 

the formation and stabilization of metastable domains by the voltage pulse. The persistence 

and the probability of the mid-states are investigated by two-different spin-orbit torque pulse 

sequences. Additionally, we report that size (> domain-wall width), exchange constant 

(<20 × 10��� � �⁄ ), current density amplitude (~threshold values) and pulse sequence are 

important considerations for realizing multi-state SOT MTJs. These industry-grade MTJs can 

be leveraged to accelerate the development of spintronics-based neuromorphic devices. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



  

3 
 

1. Introduction 

Memory technologies based on spintronic devices are being positioned to meet ever-growing 

demands for energy-efficient, high-speed and scalable electronics which is largely fueled by 

the advent of internet-of-things and neuromorphic computing.[1–4] The discovery of spin-orbit 

torque (SOT), in particular, opened a viable option to meet these requirements by offering the 

advantages of high speed, low read-disturbance, and high endurance.[1,5–9] The successful 

development of wafer-scale three-terminal (3T) SOT magnetic tunnel junctions (MTJs) in 

complementary metal-oxide-semiconductor (CMOS) compatible environment has furthered 

industrial interest for SOT-magnetic random-access memory (MRAM).[8,10] In addition, one 

can excite any magnetic material be it ferromagnetic, ferrimagnetic, or antiferromagnetic by 

SOT, thus providing a wide window for materials development.[11] While the primary focus of 

SOT development is on switching perpendicular (p) MTJs, the requirement of an in-plane bias 

field to achieve deterministic switching is a major challenge. Proposed schemes to overcome 

this bottleneck include the implementation of antiferromagnets as the spin-hall effect 

channel[12,13], structures that host Dzyaloshinskii-Moriya interaction[14], in-plane (IP) magnet 

as a hard mask[8], lateral structural asymmetry[15,16], coupled ferromagnets[17], and combining 

SOT with spin-transfer torque (STT).[18,19] These schemes, however, may compromise 

important device parameters including thermal stability, packing density, scalability, and 

operational window; therefore require further development. On the other hand, deterministic 

field-free switching IP-MTJs by SOT can be easily achieved with the well-established 

elliptical geometry.[20–23] Crucially, the development of SOT switching in IP-MTJs can serve 

two important goals— (i) immediate adoption for CMOS integration due to the well-

understood full-stack MTJ structure, and (ii) a readily manufacturable workflow for the 

eventual adoption of SOT switching in pMTJ stack since both MTJ types can be implemented 

in the 2 transistor-1 MTJ cell structure.[24]  
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Meanwhile, the recent realization of multi-states using SOT has generated a lot of excitement. 

[25–29] This is largely driven by the potential for its adoption in neuromorphic technologies. 

Multi-states can mimic the behavior of synapse and also increase storage density per memory 

cell by virtue of the multiple discrete memory levels within a single cell.[3,30–32] Multi-level 

magnetization SOT switching has been reported in micrometer-sized devices based on either 

multilayer ferromagnets coupled via interlayer non-magnetic metals like Pt, Ti, and Ru[33–35] 

or in antiferromagnet/ferromagnet structures like PtMn/[Co/Ni].[25,26] While multi-level 

switching of a single ferromagnetic layer has been demonstrated using spin-currents, they 

require complex geometric or process modifications to promote domain-wall pinning such as 

half-ring shape, terraced structures, and ion-beam irradiation as described in Table 1.[28,30,36–38]  

Table 1: Comparison of various multi-state spintronic devices reported in literature. 

Literature Mechanism of 

multi-state 

Device 

structure 

Material in 

storage layer 

Writing 

methodology 

This work Meta-stable 

domains 

IP-MTJ Pt/CoFeB SOT (segmented 

sweep) 

Kurenkov et 

al., Fukami et 

al. [13,25,26] 

Variation of 

exchange bias  

Dot-on-hall-

bar 

PtMn/[Co/Ni]n SOT (segmented 

sweep) 

Avci et al.[33] Unidirectional 

spin Hall 

magnetoresistance 

Hall-bar CoFe/Pt/CoFe SOT (hall 

measurement) 

Lequeux et 

al.[31] 

Domain-wall 

propagation/ 

pinning 

T-shaped 

striped MTJ 

FeB/Ta/FeB STT 

Dunne et 

al.[28] 

Modulation of 

magnetic 

parameters by 

irradiation 

Ion-irradiated 

hall-bar 

Pt/Co/W SOT (hall 

measurement) 

Cai et.al[30] Domain-wall 

pinning 

Terraced 

MTJ 

MgO/CoFeB/MgO STT 

Chanthbouala 

et al.[36] 

Domain-wall 

propagation/ 

pinning 

Half-ring 

MTJ 

NiFe/CoFe STT 

Huang et 

al.[39] 

Multidomain 

dynamics 

Wire [Co/Pt]n SOT (dynamic 

measurement) 

Zhang et Control of domain Wire Ta/CoFeB SOT (dynamic 
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al.[27] configuration by 

in-plane field 

measurement) 

Cao et. al[40] Control of domain 

propagation by in-

plane field 

Dot-on-hall-

bar 

Co/Ta/Co SOT (hall 

measurement) 

Bahri et al.[41]  Domain-wall 

propagation/ 

pinning 

Staggered 

nanowire 

NiFe STT (dynamic 

measurement) 

Sheng et 

al.[42] 

Different critical 

switching currents 

Hall-bar [Pt/Co]n SOT (hall 

measurement) 

 

In this work, we investigate multi-state switching in a single-free layer, sub-micron sized 3T 

IP-MTJs fabricated on an industry-friendly 200 mm wafer platform, without using any of the 

domain-wall pinning methods. Electrical control and persistence of the multi-states are 

studied by two different electrical recipes of SOT pulse sequences. We show that the 

introduction of a premeditated domain-wall pinning step is not a necessary condition for 

multi-state features and can be alternatively realized via metastable multi-domain states, 

different from transient states, and is reproducibly accessible during the SOT pulse sweep. We 

also demonstrate the multi-state features on a significant number of devices (>20) and our 

work provides crucial directions on leveraging MTJs not just as a memory element but also in 

neuromorphic computing.  

 
 
2. Results and Discussions 

2.1. SOT Switching of IP-MTJs  

In all our IP-MTJ devices, the long-axis of the ellipse is perpendicular to the direction of 

current flow in the SOT channel as shown in Figure 1a. The stack is of the configuration: 

Ta(2)/Pt(7)/Co40Fe40B20(tCoFeB)/MgO(1.5)/Co40Fe40B20(2)/CoFe(0.6)/Ru(0.85)/CoFe(2.6)/PtM

n(17)/Ru(15)/Ta(50), where the numbers in parenthesis are nominal thicknesses in 

nanometers. The bottom Co40Fe40B20 of variable thicknesses (tCoFeB) works as the free layer 

(FL). In this configuration, no external field is required to assist in SOT current switching.[20] 
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IP-MTJ devices with elliptical sizes of 300 nm × 1000 nm and 300 nm × 600 nm are 

fabricated and labeled as Device A and Device B configurations, respectively.  

Our first objective is to obtain the antiparallel (AP) to parallel (P) switching performance and 

vice versa of our SOT MTJs using the measurement setup described in Figure 1b. A single 

pulse is generated by the pulse generator to “write” the MTJ followed by reading the state of 

the MTJ and a broadband switch is used to toggle between “write” to “read” paths. The 

current (Je) is injected into the Pt channel which is expected to show a spin-hall angle in the 

range (0.03–0.1).[43–45] The Pt channel causes deflections of spin-up and spin-down electrons 

in opposite directions as shown in Figure 1b and creates an out-of-plane spin current (Js). 

Here, the polarization of the accumulated spins (σ), Je, and Js are orthogonal to each other as 

shown in Figure 1c.[11] The magnetization (M) in the free-layer and σ lie along the same 

direction. Within the monodomain approximation, the generated Js drives magnetization 

switching from predominantly antidamping-like torque [τAD ~M×(σ×M)] similar to STT.[11] 

Thermal fluctuations provide the small-tilt necessary to initiate the τAD torque. 

All switching measurements discussed in our work are performed at zero magnetic fields 

since we can achieve bistable states at zero fields and no offset field is required. The 

switching currents (Ichannel) for the IP 3T-MTJs of various FL thicknesses as a function of 

writing pulse width (τ) are shown in Figure 1d and 1e for Device A and B configuration, 

respectively. Ichannel is determined from the ratio of switching voltage to channel resistance. 

Ichannel for both AP→P (square markers) and P→AP (circle markers) switching increases with 

reducing pulse width in the (5–10) ns window. Also, Ichannel is lowered by reducing tCoFeB but 

the reduction as a function of thickness becomes asymptotic below 1.7 nm. 

 
Remarkably, even at large MTJ sizes of 300×600 nm, our devices can be switched by an 

ultrafast 400 ps SOT pulse. Figure 2a shows a representative example of ultrafast switching 

for tCoFeB = 2.7 nm. The current densities in the SOT channel required to switch Device A and 
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B at 1 ns voltage pulse are ~1.3 ×1012 A/m2 and ~1.2 ×1012 A/m2, respectively. Device A can 

be switched as fast as ~0.6 ns corresponding to ~83 pJ of write energy whereas ~0.4 ns pulse 

can switch Device B configuration with write energy of ~48.6 pJ. It is to be noted that the 

lower bound of 0.4 ns is set by our characterization setup which has a voltage amplitude 

limitation of ±7.5 V. Picosecond SOT switching is more well-studied in pMTJs where the 

incubation time is predicted to be quite small.[8,10] Previous reports of IP-SOT devices have 

shown switching no lower than 1 ns in this device configuration (i.e. long-axis ┴ current 

direction) while faster switching time has been achieved at tilted configurations.[22,23,46] Our 

findings prompt a revision in the theoretical framework because macrospin simulations 

predict that the switching dynamics of an in-plane magnetic layer take many precessions 

before complete magnetization reversal.[47–49] As such, the SOT switching speed of IP-MTJs 

is assumed to be longer than that of pMTJs, at well-above 1 ns.[50] On the other hand, with our 

device sizes being bigger than the monodomain threshold, the magnetization reversal likely 

occurs through a complex domain-wall motion which we will discuss in a later section. 

Another crucial feature that we see is that the logarithmic dependence of switching current on 

pulse width has two different gradients— (i) longer time-scales >1 ns determined by thermal 

activation and (ii) shorter time ≤ 1 ns limited by its incubation period. This divergence of 

switching regimes is reminiscent of STT switching except that the STT transition occurs at 10 

ns.[51] On the other hand, for perpendicular SOT switching the transition point is similar at ~1 

ns.[52] While sub-ns switching has been reported before using STT in IP-MTJs[53,54] or 

electric-field in pMTJs[55], the write-voltage-margin or the write-error-rate is significantly 

compromised at lower pulse widths.[56] Hence for the practical implementation of MTJs on an 

array level-chip, the pulse width transition point is more important than reducing the absolute 

value of switching time at any pulse sweep cycle.  

Since our devices are much larger than the monodomain limit, the thermal stability (Δ) 

calculations from pulse width-dependent switching current [48,57], which are based on thermal 
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activation of monodomain systems, do not give realistic values. Instead, we determine Δ from 

the sum of shape-anisotropy and in-plane anisotropy field terms [See Supporting Information] 

and are found to be in the range ~30 kBT and ~132 kBT, where kB is the Boltzmann constant 

and T the temperature. The upper limit corresponds to Device A with tCoFeB = 3 nm, while the 

lower limit corresponds to Device B with tCoFeB = 1.5 nm. 

 
We further investigate the switching regimes by performing switching probability (Psw) 

measurements which can substantiate, from the perspective of switching speed, whether 

perpendicular and in-plane SOT truly offer similar advantages over STT which has an 

operational limit at ~10 ns.[58,59] Figure 2b shows the switching probability determined from 

100 identical pulsing events as a function of pulse voltage for both device configurations at 

tCoFeB = 2.7 nm at pulse widths ≥ 5 ns. The state of the MTJ is read before and after each 

identical pulse and the MTJ is reset using a pulse of opposite polarity and sufficiently high 

amplitude. For example, to determine P→AP switching probabilities (Figure 2b and 2c) a 10 

ns positive voltage pulse is used to reset the magnetization. Each line plot represents Psw 

measured at a fixed pulse width. In Figure 2b all devices switch from Psw = 0 to Psw = 1 within 

a short voltage window of ~0.2 V. If we further reduce the pulse width, the transitional 

window of ~0.2-0.3 V is maintained down to 2 ns as shown in Figure 2c for a Device B 

configuration at tCoFeB = 2.7 nm. However, as the pulse width is reduced to 1 ns, the 

transitional window increases 4× (~0.8 V) as illustrated by the grey-shaded area. This 

corroborates our pulse width-dependent switching results which indicated the existence of two 

different switching regimes demarcated by ~1 ns. This 1 ns transition regime also agrees with 

Shi et al. where they found reliable SOT pulse switching of IP-MTJs down to 2 ns. They 

partly attributed this improved reliability at low pulse widths due to the assistance of the field-

like SOT arising from the W channel[22]. Interestingly, the switching probability vs voltage 

plot in both regimes can be fitted by a sigmoidal function, a feature that can be leveraged to 
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engineer a stochastic neuron[60]. Meanwhile, Garello et al. reported that in SOT switching of 

pMTJs the probability transitional window also becomes wider on the voltage-axis for ≤ 1 ns 

compared to 5 ns.[8,61] However, the transitional window in pMTJs is much shorter in both 

regimes and is < 0.2 V even at 1 ns pulse width. 

 

2.2. Multi-state SOT MTJs  

Next, we proceed to investigate the magnetization states available in our devices. For the rest 

of the paper, we will discuss the case of tCoFeB = 3 nm unless otherwise stated. During the 

field-sweep magnetoresistance (MR) measurements along the easy-axis, we typically find a 

rectangular hysteresis as shown in Figure 3a. The field-sweep shows predominantly either P 

or AP primary state. Furthermore, the resistance values from MR-based first-order reversal 

curves (FORC) correspond to mostly either P or AP, as shown in Figure 3b for a Device A 

configuration. MR-FORC measurements are performed identically to the procedures 

described in Pomeroy et al.[62] and consists of a family of R-H minor hysteresis loops where 

each loop segment begins from a constant field (+20 mT) and then stepping in the negative 

direction in decrements of 0.5 mT, until a negative reversal field, belonging to a set of distinct 

fields, is reached. Except for a single R-H segment (orange arrows in Figure 3b) amongst the 

family of MR-FORC, we do not find other segments stabilizing mid-states. In Figure 3b, the 

field reversal direction of the segment with a full hysteresis loop is shown by the red arrows. 

Surprisingly, during the fast-write-slow-read voltage sweep measurements, we observe strong 

evidence of mid-states in our MTJs upon reducing the voltage step-size to 0.05 V. This is 

shown in Figure 3c for the same device which produced the field-sweep data in Figure 3a and 

3b. Here, we label the mid-states between P and AP states as M1 and M2 shown in maroon 

and green data points. 
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To examine the M1 and M2 mid-states more closely, we adopt a segmented SOT-voltage-

sweep inspired by FORC. Here, voltage-sweep is not real-time continuous due to our inherent 

fast-write-slow-read measurement. The recipe is shown in Figure 3d, where a nanosecond 

voltage pulse of sufficient amplitude, +Vreset is sent to initialize the MTJ to the P state. This is 

followed by sweeping several nanosecond pulse segments where each segment consists of 

+Vreset→ −Vr → +Vreset. The voltage reversal, Vr at each segment cycle is different. This 

recipe is similar to the hall-bar measurements adopted by Kurenkov et al.[25] except that our 

measurement is not performed dynamically and nanosecond pulses are used instead of 

millisecond. For sweep segments, where the Vr values correspond to −Vr(M1) [~ −2.8 V to 

−2.95 V], the M1 state can be stabilized. During the −Vr → +Vreset sweep direction, the M1 is 

stable until VM-to-P (~ 1.9 V), whereupon the MTJ is switch to P state as shown in Figure 3e. If 

−Vr < −Vr(M1), the MTJ switches to the AP state, while for −Vr > −Vr(M1) the MTJ remains 

in the P state. Similarly, to stabilize the M2 state we adopt the pulse segment cycle −Vreset→ 

Vr → −Vreset. Figure 3f shows that M2 state is stabilized during the +Vr [~ 1.6 V to 2.3 V]→ 

−Vreset direction. Again, the M2 state is stable until VM-to-AP [~ −1.4 V] whereupon it switches 

to AP state. The segmented SOT-voltage-sweep gives us two important findings about the 

mid-states — (i) the mid-states cannot be accessed directly from each other and can only be 

accessed through the primary states (i.e. P →M1 and AP →M2 in this case), (ii) the switching 

voltages from a mid-state to a primary state are significantly reduced compared to switching 

between primary states (~30% reduction for VM-to-P and ~50% reduction for VM-to-AP) but the 

voltage hysteresis loops become strongly asymmetric.  

The multi-level feature in the resistance data of Figure 3c is more vividly understood by 

converting it to a histogram plot as shown in Figure 3g. Here, histogram counts below five are 

ignored to remove unstable states. The cumulative histogram plot for a large number of 

identical devices for Device A (n =21) and Device B (n =26) configurations are shown in 

Figure 3h and 3i respectively. The significant count of histogram bars between the P (~2400 
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Ω for Device A and ~4000 Ω for Device B) and AP (~4400 Ω for Device A and ~7000 Ω for 

Device B) states for both device configurations show that mid-states are a generic statistical 

feature in our devices and not an isolated device feature. The mid-state of each of these 

devices that appears (count>5) in fast-write-slow-read voltage sweep measurements can be 

stabilized, in principle, using the segmented SOT-voltage-sweep protocol. See Supporting 

Information for mid-state stabilization in other device configurations. 

 

2.3. Micromagnetic simulation of mid-states  

To seek insights into the origin of mid-states we perform micromagnetic simulations, which 

reveal that the states of magnetization corresponding to the M1 and M2 are metastable multi-

domain states. To replicate our fast-write-slow-read measurement protocol, we send a 5 ns 

pulse followed by system relaxation and then record the state of the magnetization after 

complete relaxation. Figure 4a shows the simulated magnetization along the easy-axis (my) as 

a function of current densities (Jchannel) for a Device A configuration along with the relaxed 

magnetization corresponding to the mid-states. Our simulations indicate that the P and AP 

state both correspond to total energy (T.E.) of 2.9×10−18 J while M1 and M2 states correspond 

to 5.6×10−18 J and 6.5×10−18 J respectively. Simply put, P and AP represent global minima 

while M1 and M2 represent local minima in the energy landscape.  However, if we simulate a 

current-sweep protocol without the relaxation step as shown in Figure 4b, we discover many 

mid-states. Most of these states are primarily transient states but are not metastable because of 

the higher energetics as shown by the solid lines in Figure 4b, and so inaccessible using our 

measurement technique. A true time-resolved nanoseconds measurement is more suited to 

capture these transient states.[63] Figure 4c shows the dynamics of my and T.E. during the 5 ns 

pulse that will eventually relax to M1 (blue curve) and M2 (red curve) states. The threshold 

current densities –Jth and +Jth give rise to M1 and M2 states, respectively. The magnetization 

snapshots at pivotal timestamps at applied –Jth and +Jth are given in Figure 4d and Figure 4e 
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respectively. The SOT switching takes place via a two-step stochastic nucleation process of a 

reverse domain followed by domain propagation.[64] Interestingly, at –Jth and +Jth, the first 

step of seeding reverse domains takes place between 1-2 ns in a non-uniform step while the 

second step of domain propagation gradually halts after 4 ns. The genesis of the mid-state is 

closely related to the slow nucleation process near the threshold current. It is to be noted that 

the nucleation of reversed domains is faster (<1 ns) for current densities much higher than the 

threshold value.   

 
Moreover, we do not see any mid-states during the field-sweep simulations taken at steps of 1 

mT for the same device [Figure 4f]. This correlates with our experimental results where the 

persistence of mid-states is more evident using segmented SOT-voltage-sweep compared to 

MR-FORC. Since the mid-states originate from metastable multi-domain states, these states 

will likely disappear for significantly smaller device sizes. MTJs tend to exhibit monodomain 

behavior below their domain wall width (��	 = ��� ����⁄  ≈ 360 nm for our devices, where 

Keff is the effective magnetic anisotropy and A is the exchange constant). Hence, as expected, 

no mid-states are found in the simulated current density sweep for 100×200 nm2 sized devices 

[Figure 4g]. In addition, the exchange constant plays an important role in the stabilization of 

mid-states. Lowering the value of A to 10×10−12 J/m stabilizes more mid-states while they 

vanish at A = 20×10−12 J/m [Supporting Information]. This is expected because the metastable 

domain states are energetically unfavorable at either high A or smaller device size. It is crucial 

to highlight here that we can achieve metastable domain states without the introduction of 

pinning sites typically realized through geometric modifications.[30,36] 

 
2.4. Probability of mid-states  

Finally, we investigate the probability distribution of mid-states by taking a representative 

example of an identical device A configuration with tCoFeB = 3 nm whose 10 ns-voltage-sweep 

data is shown in Figure 5a. For this device, the M1 mid-state appears in the voltage range 
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(−2.9 V to −3.15 V) during the fast-write-slow-read measurement. Next, we determine the 

probability of switching to M1 state by focusing on the voltage range (−2.8 V to −3.35 V) 

using the pulse probability recipe shown in Figure 5b. During one probability cycle, a positive 

voltage pulse initializes the MTJ to the P state (+2.9 V, 10 ns) and is followed by the 10 ns 

voltage write pulse of selected amplitude. The state of the MTJ is read after each pulse and 50 

such probability cycles are taken at a selected write voltage constituting a total of 100 pulses 

in the probability measurement recipe. Figure 5c-5e shows the plots of resistance vs pulse 

counts from the probability measurement recipe at write voltages −2.9 V, −3.1 V, and −3.3 V 

respectively, where the higher resistance states are set by the negative write voltage pulses 

and the lower resistance states by the positive reset voltage pulse. The resistance values at 

~2.17 kΩ, ~2.64 kΩ, and ~4.14 kΩ correspond to the P, M1, and AP states, respectively. The 

reset voltages bring the MTJ to the P state at all events. Figure 5c-5e corresponding to 

voltages −2.9 V, −3.1 V and −3.3 V represent three stages — (i) only P→ M1 switch occur 

but with < 100% certainty [Psw(P-to-M1) ~0.48], (ii) the P→ M1 switches close to 100% certainty 

[Psw(P-to-M1)  ~0.88] but with a few rare events of P→ AP [Psw(P-to-AP)  ~0.04] and (iii) only P→ 

AP switching occurs with Psw(P-to-AP) =1. These three stages are also highlighted by the 

corresponding histogram plots given in Figure 5f-5h, respectively. A 100% switching 

certainty by the write voltage will give equal histogram count height as the reset voltage (i.e. 

the P state). The measurements at other write voltages in the range (−2.8 V to −3.35 V) are 

provided in the Supporting Information. A crucial outcome from the probability 

measurements is that unlike the P→ AP (or vice-versa) switching, 100% switching certainty 

for P→ M1 is not found. The highest Psw(P-to-M1) ~0.98 is determined at −3 V. The switching 

probabilities as a function of voltage is described in both P→ M1 and P→ AP transitions are 

shown in Figure 5i. As expected, Psw(P-to-AP) follows a sigmoidal model but  Psw(P-to-M1) does 

not. 
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We can also look at the difference between the segmented SOT-voltage-sweep and the SOT 

pulse probability recipes from an energetics perspective, which is described by the cartoon 

representation in Figure 5i and 5j respectively. P and AP states are the global minima while 

M1 and M2 can be argued as local minima. Here, we are looking at the metastability of M1 

state using both techniques by assuming particle in a potential well model. In the energetics 

picture of an occupied M1 state, the segmented SOT-voltage-sweep recipe is represented by 

the blue arrows as shown in Figure 5j. The particle remains in M1 until sufficient energy 

pushes it to the AP state. This also explains why the M2 state is not accessible from the M1 

state. Meanwhile, using the SOT pulse probability recipe, a particle initialized to the P state, 

and if given sufficient energy, might reach the M1 or the AP states as shown by the dashed 

arrows. Although the probability of reaching either M1 or the AP state is voltage-

programmable, a 100% certainty of reaching M1 cannot be achieved. 

 
 
3. Conclusion 

 
In summary, we demonstrate ultrafast field-free SOT switching (> 1 ns) of 3T IP-MTJs with a 

voltage transition window of ~0.2 V while picosecond switching is achieved but at a much 

wider voltage window of ~0.8 V. Four states are stabilized in a statistically significant number 

of devices (n >20), using a family of segmented SOT-voltage-sweeps. Micromagnetic 

simulations reveal the existence of metastable multi-domain states even in a single 

ferromagnetic layer. Size, material parameters, and current density amplitude are all important 

parameter considerations to host metastable multi-domain states in our MTJs. It is more 

energy-efficient to use one of the mid-states as a memory bit compared to the primary states. 

Pulse probability measurements indicate that the switching between a mid-state and a primary 

state does not follow the sigmoidal model. Real-time access of the transient states is expected 
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to increase the number of multi-states and also unlock neuron functionality as predicted in 

devices with spin-orbit torque driven domain-wall motion.[65] 

 

4. Experimental Section 

Film and MTJ fabrication. In our IP-MTJ stack, the bottom Co40Fe40B20 (tCoFeB) is the free 

layer (FL), while the composite Co40Fe40B20 (2 nm)/CoFe (0.6 nm) fixed layer is 

antiferromagnetically coupled to the 2.6 nm CoFe which is then pinned by the 

antiferromagnetic PtMn layer.  The films are deposited on 200 mm Si/SiO2 wafers in a 

Singulus Timaris magnetic sputtering system. 3T MTJ devices with elliptical sizes of 300 nm 

× 1000 nm (Device A) and 300 nm × 600 nm (Device B) are fabricated using Canon EX5 

DUV stepper and Ar ion beam etching. The channel widths are 1500 nm and 1000 nm for the 

device configurations A and B, respectively. The top and bottom electrodes are isolated by 

SiOx passivation layer deposited in Oxford Plasmalab Inductively Coupled Plasma – 

Chemical Vapor Deposition (ICP-CVD). The TiW (5)/Al (100) is used as the electrode. The 

devices are annealed at 330°C for 2 hours with an in-plane magnetic field of 2 Tesla applied 

parallel to the ellipse long-axis at high-vacuum environment. The elliptical MTJs are also 

characterized using cross-section Transmission Electron Microscopy (model: Tecnai G2 F20). 

MTJ characterization.  All MTJs are characterized on a home-built probing system at room 

temperature. Magnetoresistance measurements are performed by aligning the magnetic field 

with the long-axis of the MTJ ellipse. SOT switching measurement is implemented as 

follows: a pulse voltage generator source supplies current pulses into the heavy metal (HM) 

channel of the MTJ forming the write path, and a DC sourcemeter is used to measure the 

resistance state of the MTJ forming the read path.  

Micromagnetic simulation. The micromagnetic simulations are performed using the Object-

riented MicroMagnetic Framework (OOMMF) public code[66] to numerically solve the 
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Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation. We used the following parameters 

which are determined experimentally: saturation magnetization	�� = 1350 × 10� � �⁄ , the 

uniaxial anisotropy	�� = 1.07 × 10� � ��⁄  and damping constant α = 0.005. The exchange 

constant for Co40Fe40B20 at room temperature is taken as	� = 14 × 10��� � �⁄ .[67] The FL is 

discretized into a cell size of 2 nm × 2 nm × 3 nm. The spin-hall angle is assumed to be 

0.1.[43,44] 
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Figure 1. Device characteristics of 3T-MTJ. a Left panel shows full-stack elliptical MTJ 

with corresponding layer thicknesses in parenthesis. Here, CoFeB represents Co40Fe40B20 

composition. Right panel shows the cross-section TEM image of the 3T-MTJ device. The 

dashed lines are guide-to-the-eye for various layers. b Schematic of the SOT switching 

measurement setup along with the generated spin accumulation in the out-of-plane direction. 

The long-axis of the ellipse is perpendicular to the channel current. c Mechanism of SOT 

switching where Je, Js, and σ are mutually orthogonal to each other and τAD provides an 

antidamping-like torque on the magnetization, M. Pulse-width dependent (5 ns–100 ns) SOT 

switching at select tCoFeB for device configurations (d) Device A and (e) Device B. Square 

(circle) symbols represent AP→P (P→AP) switching. 
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Figure 2. Pulse switching regimes. a Semi-log plot of ultra-fast (sub-ns) SOT switching at 

tCoFeB = 2.7 nm along with independent log fittings for timescales (2-100) ns and ≤ 1 ns as 

shown by the dashed lines. b P→AP switching probabilities from 100 pulsing events vs 

applied voltage at select pulse widths ≥ 5 ns at tCoFeB = 2.7 nm. c P→AP switching 

probabilities for a Device B configuration at tCoFeB = 2.7 nm for writing pulse widths at 3 ns, 2 

ns, and 1 ns along with their sigmoidal fits. The grey shaded region shows the Psw = 0 to Psw 

=1 transitional regime. 
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Figure 3. Multi-state MTJs stabilized by SOT pulse. a Magnetoresistance measurement of 

an MTJ of Device A configuration with tCoFeB = 3 nm where the magnetic field applied along 

the long-axis of the ellipse. b MR-FORC measurement of the same device. Red (orange) 

arrows represent a segment with full (partial) minor loop. c Resistance vs channel voltage of 

the same MTJ using 10 ns pulse-voltage fast-write-slow-read measurement. M1 (maroon) and 

M2 (green) represent mid-states. d Measurement recipe of the segmented SOT-voltage-sweep 

to stabilize mid-states. Stabilization of mid-states using segmented loops where the voltage 

reversal is at (e) –Vr > –Vreset and (f) +Vr < +Vreset. g Histogram plot of resistance states from 

the measurement data in c. Cumulative histogram plot of resistances from n >20 devices with 

device configuration (h) Device A and (i) Device B. 
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Figure 4. Micromagnetic simulations of SOT pulse-induced mid-states. a Plot of 

simulated my vs current density on the SOT channel for a device size of 300×1000 nm2. Each 

point represents a sequence of 5 ns current pulse applied on the SOT channel followed by a 

relaxation step. Corresponding snapshots of the mid-states (M1 to M2) achieved after 

relaxation in the current hysteresis is also shown. b my vs current density plot of the same 

model generated from non-relaxed current-sweep where each data point is taken at the end of 

the 5 ns pulse. The solid line represents total energy at corresponding Jchannel. c Dynamics of 

my during the applied –Jth (red markers) and +Jth (blue markers) current densities. The total 

energy during the dynamics is represented by the solid lines. The corresponding 

magnetization snapshots at –Jth and +Jth at various timestamps are given in d and e 

respectively. f Simulated magnetization hysteresis loop of the same device when the magnetic 
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field is applied in the y-axis (long-axis). g Simulated my vs current density for a device size of 

100×200 nm2. 



  

25 
 

 
Figure 5. Probabilities of various states in SOT MTJ. a Resistance vs voltage for 10 ns 

voltage-sweep at the SOT channel on an identical MTJ with tCoFeB = 3 nm with Device A 

configuration. b Recipe for determining probabilities of mid-state M1 at a particular probing 

voltage –V. Resistance vs. pulse count plot for the same device at various write voltages 

measured alternately between reset voltage (+2.9 V) and the writing voltages of (c) –2.9 V, 

(d) –3.1 V, and (e) –3.3 V. f-h Histogram plots of respectively for c-d data. i Switching 

probabilities for P-to-M1 (blue) and P-to-AP (dark orange) as a function of channel voltage. 

Cartoon representation of energy landscape and particle occupation pathways when subjected 

to (j) segmented SOT-voltage-sweep recipe and (h) SOT pulse probability recipe. 

 

 
 


