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S1. Current density distribution inside the material stack 

 Here we show the method used to estimate the current density distribution in the 

designed device. The resistance of every sample with different Tb composition 

gradient δ was firstly measured. As plotted in Fig. S1a, with δ rising from 0.00 to 0.07, 

the device resistance R increases from 223 Ω to 318 Ω. This 43% increase indicates 

that the resistivity of CoTb should have a large change, since the Al layer is 

unchanged. We then directly measured the resistivity of Co0.87Tb0.13 and Co0.52Tb0.48 

films, which were determined to be 104 μΩ-cm and 385 μΩ-cm, respectively.  

Assuming that the resistivity of CoTb has a linear relationship between these two 

compositions, the resistivity of each composition in our experiments can then be 

calculated. Considering the parallel resistance model and the device dimensions, the 

theoretical resistance value of each device with varying δ was determined and is 

plotted in Fig. S1a. A good agreement is observed between the experimental values 

and those from our model, where the small resistance shift can be attributed to the 

gold electrode resistance and contact resistances. For each sample with different 

gradient, the current density distributions in the CoTb layer and the Al layers were 

calculated by the standard parallel resistance model. We apply this method in both 

harmonics measurements and critical switching current density estimations. 

 

Fig. S1 Device resistance. A comparison between the experimental and calculated resistances of 

the device as a function of composition gradient δ. 



S2. Dependence of critical current density on the applied magnetic field 

Here we show the magnetic-field dependent critical switching current density jc 

in the sample with δ = ±0.07. In the theoretical SOT framework, jc could be expressed 

as [1] 
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where Ms, tM, HK,eff, Hx, θSH are the net magnetization, thickness of the magnetic layer, 

effective magnetic anisotropy field, applied in-plane field and effective spin Hall 

angle, respectively. From Equation S1, jc is predicted to decrease if a larger Hx is 

applied. Fig. S1 summarizes jc as a function of Hx for the two samples with δ = ±0.07, 

respectively. Clearly, field-free switching demands the largest jc in all cases.  

 

Fig. S2 Critical SOT switching current density as a function of in-plane magnetic field.  jc 

arrives at the peak value when the magnetic field is absent for samples with δ = ±0.07. 

  



S3. SOT switching and DMI for the 6 nm sample with δ = 0.06 

In addition to δ = ±0.07, we also carried out SOT switching experiments in a 

sample with δ = 0.06 and 6 nm overall CoTb thickness, to demonstrate the generality 

of the DMI-induced field-free switching phenomenon. Fig. S3a illustrates the 

switching loops under different magnetic fields from 40 Oe to -40 Oe along the 

current direction. A clear magnetization switching in the absence of the in-plane 

magnetic field is observed, which has the same polarity as that under positive 

magnetic field. This property is similar to what we saw from the sample with δ = 0.07 

in the main text. Besides, the deterministic switching vanishes at -10 Oe, which 

corresponds well to the DMI effective field (~ 12 Oe) measured in Fig. S3b by the 

method mentioned in the main text. This verifies again that g-DMI dominates the 

switching polarity in the absence of any in-plane field. 

 

 

Fig. S3 SOT switching and DMI measurement for the device with δ = 0.06. a, AHE 

resistance versus applied current density jCoTb under varying in-plane magnetic fields b, DMI 

effective field measurement. The threshold value of Hn, which is at the end of the platform, can be 

treated as the DMI effective field. Error bars are obtained from repeated measurements for each 

angle of applied magnetic field. 

  



S4. SOT switching in a CoTb sample with 9 nm thickness 

We primarily focus on samples with a fixed thickness, i.e. 6 nm, in the main text. 

Here, we show that effective field-free switching can also be achieved in samples with 

a larger thickness. Fig. S4a shows the structure for a 9 nm thick CoTb sample. The 

thickness of each CoTb layer with different composition was increased from 1 nm to 

1.5 nm compared to earlier experiments, while the composition step change (0.07) 

between two adjacent layers remained the same. Fig. S4b shows the switching loop of 

the described sample under different in-plane fields. We can see that field-free 

switching also occurs in this sample. 

In addition, one interesting point is the critical switching current density jc change. 

The jc of this 9 nm thick sample and of the sample in Supplementary Note S3 are 

around 12×1010A/m2 and 11×1010A/m2, respectively. Both values are larger than the 

𝑗𝑐 in the 6 nm thick CoTb sample with δ = 0.07 (~ 9×1010A/m2). This result is in 

good agreement with our observed spin Hall angle trend in the main text, since the 

absolute composition gradients per nanometer for both of these samples are smaller 

than that in the 6 nm thick CoTb sample with δ = 0.07. 

 

Fig. S4 Stack structure and SOT switching of the 9 nm thick CoTb device. a, Stack structure 

of the 9-nm-thick film. The only difference of this film and the 6-nm-thick CoTb sample with δ = 

0.07 is that the thickness of the six CoTb layers increases by 50%. b, SOT switching curves of this 

sample under different in-plane magnetic fields. 

 



S5. SOT switching in a CoTb sample with 4.2 nm thickness 

 Here we demonstrate that a similar field-free switching can also be achieved in a 

thinner CoTb film with a steeper composition gradient. In this case, we reduce the 

thickness of each CoTb layer to 0.7 nm, while keeping the composition step change 

between adjacent layers at δ = 0.07. As a result, the total CoTb thickness (consisting 

of six layers) is 4.2 nm, while the effective slope of the composition gradient is larger 

than in all the other samples. 

 Fig. S5a shows the switching loops as a function of jCoTb for this sample. 

Field-free switching is achieved, and the critical switching current density is reduced 

to ~7.5×1010A/m2. In addition, the switching disappears at an external field of around 

40 Oe, which corresponds well to the value of HDMI determined in Fig. S5b. The 

relatively smaller critical switching current and the larger HDMI can be explained by 

the larger absolute composition gradient in this sample. 

 

 

Fig. S5 SOT switching and DMI measurement for a device with 4.2 nm total CoTb thickness. 

a, AHE resistance versus applied current density jCoTb under varying in-plane magnetic fields. b, 

DMI effective field measurement. The DMI effective field of this sample is approximately 40 Oe. 

Error bars are obtained from repeated measurements for each angle of applied magnetic field. 



S6. Micromagnetic framework 

The micromagnetic solver is based on the solution of two Landau-Lifshitz-Gilbert 

(LLG) equations strongly coupled by exchange interactions [2-6] 

{

𝑑𝒎1
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            (S2) 

where mi is the sublattice magnetization vector, γi is the gyromagnetic ratio of the i-th 

sublattice, and α is the Gilbert damping parameter (same for both sub-lattices). The 

intrinsic SOT is taken into account as an additional damping-like torque term [7] 

 𝛕𝑆𝐻,𝑖 = −𝛾𝑖𝐻𝑆𝐻,𝑖𝐦𝑖 × (𝐦𝑖 × 𝐩)                   (S3) 

whose amplitude is given by HSH,i = ℏJθSH/2etμ0MS,i. In the last expression, ℏ, θSH, e, t, 

μ0 are the reduced Planck’s constant, the intrinsic spin Hall angle, the electron charge, 

the film thickness, and the vacuum permeability respectively, while J is the applied 

current density. MS,i is the saturation magnetization of the i-th sublattice. The direction 

of the spin Hall polarization is p = z × j, j being the unit vector of the current density 

direction which is assumed to be along the x direction (see Fig. 2a in the main text). 

HSH,1 and HSH,2 are the effective fields for the first and second sublattice, respectively. 

The main contributions to these fields are the exchange interactions, the perpendicular 

uniaxial magnetic anisotropy and the g-DMI. The contributions from the first two 

fields are given by 

{
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,           (S4) 

Where i ≠ j, a is the magnetic lattice constant and A11, A0, A12 are the inhomogeneous 

intra-lattice, homogeneous inter-lattice and inhomogeneous inter-lattice exchange 

constants characterizing the interaction, and finally Ku,i is the perpendicular 

anisotropy constant. Additionally, although the DMI appears on the bulk of the CoTb, 

it originates from gradient-driven symmetry breaking along the z direction, similar to 

interfacial DMI. Therefore, the g-DMI field has the same expression as the interfacial 

DMI [8-10] 



𝐇𝐷𝑀𝐼,𝑖 =
−2𝐷

𝜇0𝑀𝑆,𝑖
(𝐮𝑧 ∙ (∇ ∙ 𝐦𝑖) − ∇𝑚𝑧,𝑖),               (S5) 

with the following boundary conditions [5,10] 

2𝐴11𝜕𝑛𝐦𝑖 + 𝐴12𝐦𝑖 × (𝜕𝑛𝐦𝑗 × 𝐦𝑖) + 𝐷𝐦𝑖 × (𝐧 × 𝐮𝑧) = 𝟎.       (S6) 

We have chosen for the first (second) sublattice the Co (Tb) lattice in terms of 

physical parameters. However, the simulation results are the same when reversing the 

choice. We have discretized the device geometry with tetragonal cells of 10×10×6 

nm3, considering the parameters averaged along the z-direction. The device geometry 

is shown in Fig. S6. The wider arm is of 200 nm width and 600 nm length and the 

narrower arm has a 100 nm width. The device thickness is 6 nm. 

 

Fig. S6 Geometrical description of the simulated device. The device was discretized with 

tetragonal cells of 10×10×6 nm3. 

The effective field was augmented with an additional Gaussian random field Hth,i, 

to mimic the effect of the finite temperature  

𝐇𝑡ℎ,𝑖 = 𝛈√
2𝛼(1+𝛼2𝑘𝐵𝑇)

𝛾0𝜇0𝑀𝑠𝑉𝑑𝑡
 ,                      (S7) 

With kB, T and V being the Boltzmann constant, the temperature (set to 300 K in our 

case) and the computational cell volume, respectively. In this equation, η is a vector 

whose Cartesian components are random numbers following the Gaussian 

distribution: 

{
〈𝜂𝑘(𝑡)〉 = 0

〈𝜂𝑘(𝑡)𝜂𝑙(𝑡)〉 = 𝛿𝑘𝑙𝛿(𝐫 − 𝐫′)𝛿(𝑡 − 𝑡′)
.               (S8) 

Finally, most of the simulation parameters were derived from the experiments in 

this work or from other experimental works on similar material systems, except for 

the exchange and lattice constants. Table S1 summarizes the detailed parameters. 



Table S1 Summary of simulation parameters.  

Parameter Value Source 

MS1 654 kA/m This work (see Fig. 1d). We assumed Co 

magnetization to be independent of Tb composition. 

MS2 609 kA/m This work (see Fig. 1d). We assumed Tb 

magnetization to be independent of Co composition. 

Ku1; Ku2 20 kJ/m3 This work, assuming Ku1 = Ku2. Note that the 

effective value is the sum. 

D 16 μJ/m2 This work (see Fig. 3). 

A11 3 pJ/m Assumed 

A12 -3 pJ/m Assumed 

A0 -6 pJ/m Assumed 

θSH 0.06 This work (see Fig. 2d). 

γ1 2.42×105 m/As Literature [11-12]. 

γ2 1.69×105 m/As Literature [11-12]. 

α 0.05 Assumed 

  



S7. Additional micromagnetic simulations 

Fig. S7 a-h depict a sublattice magnetization under the effect of a negative current 

pulse (the same timing as in Fig. 5). It can be clearly observed that the switching 

dynamics are similar to (but mirrored) the positive current pulses. 

 

Fig. S7 Micromagnetic simulations in a Hall bar. a-h, First sublattice magnetization distribution 

at different times of the dynamics (from 32 ns to 64 ns). 

To study the scalability to a realistic memory device geometry, we also performed 

similar simulations for a pillar with a diameter of 400 nm. Fig. S8 a-j depict the 

sublattice magnetization under a positive current pulse (being applied from 0 ns to 20 

ns). The switching dynamics are qualitatively similar to those observed in the case of 

the Hall bars. 

 

Fig. S8 Micromagnetic simulations in a pillar with 400 nm diameter. Panels a-j show the first 

sublattice magnetization distribution at different times of the switching dynamics in the pillar. 



S8. Comparison of the switching efficiency 

This Supplementary Note compares the field-free deterministic SOT switching 

efficiency in our CoTb samples with: (i) previous reports of SOT-induced switching 

in ferrimagnetic (FIM) CoTb films (where a bias magnetic field was used to achieve 

deterministic switching) [12-15]; and (ii) previous reports of field-free deterministic 

SOT switching of perpendicular ferromagnetic (FM) layers, specifically CoFeB, Co, 

and Co/Ni/Co [16-19].  

Two figures of merit are used for the comparison: The first is the switching 

current density itself (jc), which in the case of our 6 nm CoTb samples, is ~ 9 MA/cm2 

as discussed in the main text. The second figure of merit is the switching current 

density divided by the energy barrier between the two magnetic states, normalized by 

surface area, i.e. jc / (t∙Keff). Here t is the (ferromagnetic or ferrimagnetic) film 

thickness, and Keff is its effective perpendicular anisotropy energy density. The latter 

figure of merit, in principle, provides a fairer basis for comparison, since the 

difference in switching current densities of different material systems is normalized 

by their energy barrier, which would determine the data retention time in a magnetic 

memory element [20-22].  

The result of this comparison is shown in Table S2. It is evident that the vertical 

gradient CoTb structure has the best figure of merit jc / (t∙Keff), by ~ 3× to 6×, as well 

as comparable or better (up to ~9× smaller) switching current density, when compared 

to previous reports of field-free SOT switching in ferromagnetic material structures 

with in-plane static symmetry-breaking. Our gradient CoTb structure also performs 

best on both figures of merit, when compared to previous reports of SOT switching in 

CoTb (all of which required an in-plane bias magnetic field, unlike the structures 

presented in this work). In the comparison with reference [15] where a single CoTb 

layer is used without adjacent heavy metals, we only compared jc because of the lack 

of Keff data. These comparisons directly demonstrate the high switching efficiency 

brought about by the engineered composition gradient. 

The superior SOT switching efficiency in the CoTb samples with a vertical 

gradient can be qualitatively understood as follows. Given that the combination of 



SOT and g-DMI that results in the deterministic switching is created by the 

gradient-induced broken inversion symmetry along the film thickness, it is present 

throughout the volume of the material, even in relatively thick films (4.2 nm to 9 nm 

in our case). As a result, our switching current density is smaller than in previous 

interfacial SOT switching experiments in the CoTb material system, and can further 

be tailored by engineering the slope of the concentration gradient within the film, 

which determines its spin Hall angle. This, combined with the increased film 

thickness over which deterministic switching can be achieved, result in the significant 

improvement of the SOT efficiency figure of merit jc / (t∙Keff). 

 

Table S2 Comparison of SOT switching efficiency. The CoTb vertical gradient structure 

presented in this work provides the best SOT efficiency figure of merit, when compared to both: (i) 

previous reports of SOT switching in CoTb films (with a bias magnetic field, Hex); and (ii) 

previous reports of field-free deterministic SOT switching of perpendicular ferromagnetic layers.  

Structure 

t 

[nm] 

Keff 

[J/m3] 

jc 

[MA/cm2] 

jc / (t∙Keff) 

[1014 A/J] 

Hex 

[Oe] 

FL 

Type 

CoTb (vertical gradient) [this work] 6 4.9×104 9 3.1 0 FIM 

Pt/CoTb [13] 5 7.5×104 40 10.7 200 FIM 

Ta/CoTb [12] 2 6.4×104 15 15.6 2000 FIM 

W/CoTb [14] 3.5 2×105 45 6.4 100 FIM 

SiNx/Co0.61Tb0.39/SiNx [15] 6 -- 13 -- 20 FIM 

Ta/CoFeB/TaOx (in-plane gradient) [16] 1 5.0×104 5 10 0 FM 

Mo (in-plane gradient)/CoFeB/MgO [17] 1.4 2.1×105 42 14.3 0 FM 

Pt/Co/IrMn (in-plane exchange bias) [18] 0.7 6×105 80 19.1 0 FM 

PMN-PT (in-plane strain)/Pt/Co/Ni/Co [19] 1 8×104 12.5 15.6 0 FM 

 

  



S9. Role of device orientation and applied current history (current-induced 

training) in the deterministic field-free switching  

We performed additional experiments to investigate the nature of the observed 

deterministic switching, and correspondingly, to determine the symmetry 

requirements that would need to be met, to be consistent with the experimental data. 

These new results and the associated discussion of the experiment’s symmetry are 

given below. 

As the first step, we sought to verify that the field-free SOT-induced switching in 

our devices is indeed directional, i.e. that each current direction favors a particular 

final state (up or down), and that this directionality is consistent across a large number 

of devices. To do so, we first performed a time-domain switching measurement. The 

purpose of this experiment is to illustrate that the final state of the device after 

switching is determined by the direction of the writing current, but not by the number 

of consecutive current pulses sent in the same direction, i.e. that the device is not 

undergoing toggle switching. The results can be seen in Fig. S9, where black pulses 

indicate write attempts in different directions (0.1 ms, +11 MA/cm2 or -11 MA/cm2) 

and red circles correspond to the subsequent readout, i.e. the measurement of the RAHE 

of CoTb. Note that we perform two consecutive read attempts in each case, to also 

verify that the readout process itself, i.e. the measurement of RAHE, does not change 

the state of the device in any way.  

It is clear from Fig. S9 that the first writing pulse in each direction switches the 

magnetization of the CoTb in the corresponding up/down direction, but that 

subsequent pulses in the same direction (regardless of their number) do nothing to 

change the state of the bit. This clearly shows that the applied current pulse polarity 

(but not the number of pulses in the same direction) changes the RAHE value, 

indicating that the switching is deterministic and directional. Note that, this behavior 

is qualitatively different from what Refs. [23-25] (Refs. [33-35] in the main text) 

predicted from micromagnetic simulations. In those simulations, the writing current, 

no matter what direction it had, always flipped the bit to the opposite magnetic state, 



thus exhibiting toggle switching.  

Next, we performed additional experiments to verify whether any (unintentional) 

in-plane asymmetry may play a role in our observations. To do so, a direct evidence 

would be whether the in-plane device orientation impacts the switching polarity. To 

answer this question, we fabricated new samples where devices with different angles 

are arrayed on the same chip (see Fig. S10). As illustrated in Fig. S11 (left panel), we 

first measured the SOT switching loops in four different devices with 0 degree, 45 

degree, 90 degree and 135 degree configurations, respectively. It is clearly seen that 

all of them exhibit the same switching polarity. Next, we rotated the measurement 

setup (without rotating the chip) by 180 degrees in these four devices to measure the 

switching loops again, corresponding to the 180 degree, 225 degree, 270 degree and 

315 degree configurations, as indicated in the right panel of Fig. S11. As would be 

expected from a directional switching behavior, the switching loops are all inversed in 

this case. To verify that this inversed switching polarity is repeatable in a single 

device, we randomly chose a 45 degree device on the chip and measured it with both 

configurations, i.e. the 45 degree and 225 degree setups shown in Fig. S11, for several 

times. As shown in Fig. S12, the directionality of the switching can be clearly 

repeated, and therefore cannot be attributed to any random event. 

It cannot be emphasized enough, that the results of Fig. S11 seem to defy the 

symmetry of the structure. However, our next experiment showed that this is not the 

case, and in fact all symmetry considerations are indeed satisfied when the experiment 

is considered in its entirety, including the training effect from the initial current pulse 

applied to the device.  

The only possible symmetry-breaking element between the first four 

measurements (left panel in Fig. S11) and the second four measurements (right panel 

in Fig. S11) is that in the second four measurements, current pulses have already been 

injected in the device before, i.e., the devices have been trained by the first current 

pulse which has been applied in the positive direction of the device, as defined on the 

left panel of Fig. S11.  

To control for this training variable, we chose several new devices, in which no 



current had been applied before subsequent to device fabrication. Fig. S13 shows the 

corresponding SOT switching loops for three of these devices. Note that the 

definitions of measurement setup angles in Fig. S13 and Fig. S11 are the same. We 

notice that in sharp contrast to Fig. S11, in this case all the devices (0 degree, 180 

degree and 225 degree) show the same SOT-induced switching directionality. Notably, 

the cases of 180 degree and 225 degree devices show the opposite directionality 

compared to Fig. S11. This can be explained based on the training effect provided by 

the initial current sent through the devices, which is opposite for these two angles in 

Figs. S11 and S13, and therefore breaks the symmetry of the experiment. 

In what follows, we discuss about the possible explanation of these results. Given 

the size of our devices, it is expected that SOT-induced magnetization switching is 

completed by domain wall (DW) motion, as is the case in most other SOT-induced 

switching experiments reported to date. Inspired by this DW-mediated switching 

character, recently a field-free deterministic switching scheme has been proposed that 

relies on geometrical pinning of DWs [26]. Similar to our work, the device structure 

proposed in Ref. [26] also does not break the lateral in-plane structural symmetry; 

however, its deterministic switching is allowed because of the broken inversion 

symmetry of the micromagnetic structure of the device. 

We hypothesize that in our devices, the first current pulse applied to the device 

creates a chiral magnetic texture (CMT) due to the simultaneous effect of SOT and 

g-DMI. For example, this could be in the form of the nucleation of initial DWs with a 

chirality that depends on the g-DMI, at the edges of the device. These DWs are 

possibly pinned by defects and maintain their existence during magnetization 

switching. Similar to Ref. [26], their presence can break the micromagnetic in-plane 

symmetry of the experiment and in principle allows for deterministic switching to 

occur.  

We performed further experiments, as described below, which provide additional 

evidence for the creation of such a chiral magnetic texture in response to training by a 

current pulse. Specifically, we hypothesize that if indeed the presence of a CMT is 

responsible for the observed training effect, it should be possible to destroy the effect 



of this training using a sufficiently large magnetic field applied to the device. This, in 

turn, would allow one to subsequently retrain the device by applying a new training 

current pulse in the opposite direction. In addition, if this hypothesis is correct, there 

should be a range of smaller external magnetic fields which would not be sufficient to 

destroy the CMT, and hence the training effect. Our experiments clearly confirmed 

this hypothesis, as described below: 

a) We chose a new device where no current pulses had been applied before. This 

device was first trained with a current pulse (0.1 ms, ~11 MA/cm2) along the +x 

direction (as defined in the coordinate axes shown in Fig. S14b). 

b) We then performed current-induced switching experiments in this device, using 

the 0 degree measurement configuration (Fig. S14b, top panel) and the 180 degree 

measurement configuration (Fig. S14b, bottom panel). Consistent with our 

previous results, the initial current pulse resulted in training of the device, giving 

rise to field-free deterministic and directional switching, with the 0 degree and 

180 degree measurement configurations resulting in opposite polarities of the 

loops, as expected. 

c) We then applied an out-of-plane magnetic field H1 to destroy any magnetic texture 

in the device, thus resetting the device to the initial pre-training state. This was 

followed by applying a current pulse (0.1 ms, ~11 MA/cm2) along the –x direction 

(as defined in the coordinate axes shown in Fig. S14b), to retrain the same device. 

d) Subsequent to this retraining attempt, we again performed current-induced 

switching measurements in the device using both the 0 degree measurement 

configuration (Fig. S14b, top panel) and the 180 degree measurement 

configuration (Fig. S14b, bottom panel). 

The results of this reset and retraining experiment were as follows: 

1. Large H1 field: Fig. S14a shows the results for the case where the applied reset 

magnetic field H1 is 8 T. Clearly, after going through an 8 T field and being 

retrained by a current along the –x direction, the device exhibits the opposite 

switching directionality compared to the original training.  

2. Small H1 field: Next, we repeated the same sequence of experimental steps in 



another (also previously untrained) device, with the only difference being that the 

applied reset field H1 was chosen to be smaller (0.2 T). Fig. S14c shows the 

results for this case, which clearly indicate that the retraining process does not 

work with this smaller field. In other words, the device keeps its original training 

and switching directionality after going through a 0.2 T field.  

We interpret these results as a strong confirmation that a CMT is responsible for the 

observed training effect and directional switching in our devices. This CMT can be 

destroyed by a large field of 8 T, but not by a smaller field of 0.2 T.  

It is worth noting that in principle, even without applying an external 8 T field, a 

large enough current pulse in the opposite direction (compared to the initial training 

current) should be able to directly modify the CMT and retrain the device to exhibit 

an opposite switching directionality. In our experiments, however, we were not able to 

apply sufficiently large currents to do so without burning the device. 

Finally, it is worth noting that the concept of a directional anisotropy, defined by 

the history of applied fields or torques to the magnetization, has previously been 

observed in other material systems. Specifically, the “nonvolatile chirality printing” 

seen here is in some ways similar to the so-called “triad anisotropy”, previously 

studied in disordered magnetic alloys (spin glasses) exhibiting DMI induced by heavy 

impurities with large spin-orbit coupling [27-31]. In those cases, however, the 

emergence of a directional “triad anisotropy” was the result of the history of applied 

magnetic fields in conjunction with DMI, unlike our present case where the training 

occurs in response to SOT and DMI. 

 

 



Fig. S9 Time-domain measurement with writing pulses in both directions, demonstrating that the 

switching is deterministic and directional. 

 

Fig. S10 Optical image of the fabricated sample where devices with different angles are arrayed. 

 

Fig. S11 SOT switching loops of devices varying from 0 degree to 135 degree and the 

corresponding loop of each device with a 180 degrees inversed measurement setup. 

 

Fig. S12 SOT switching experiment repetitions with two 180 degree rotated setups. 



 

Fig. S13 SOT switching loops of previously untrained devices at different angles: a, 0 degree. b, 

180 degree. c, 225 degree. 

 

Fig. S14 Device Retraining. a, Current-induced switching loops before and after re-initializing 

the device with an 8 T magnetic field and retraining with a current in the –x direction. b, 

Schematic illustration of 0 degree and 180 degree measurement configurations. c, Current-induced 

switching loops before and after attempted re-initialization of the device with a 0.2 T magnetic 

field, which is not large enough to allow for retraining with a current in the –x direction. 



S10. Device uniformity across a 100 mm wafer 

We performed additional experiments to investigate the device-to-device 

uniformity not only within a single chip, but also across a wafer. To do so, we 

performed field-free switching experiments in devices randomly picked on a full 100 

mm (4 inch) silicon wafer. The results are shown in Fig. S15, where parts 2, 4, 6 and 8 

on the wafer (indicated in Fig. S15a) were selected for measurements. Fig. S15b plots 

the field-free current-induced switching loops of the devices on these different chips 

using the same measurement setup. Clearly, all measurements show the same 

switching polarity as well as similar critical switching currents. This device-to-device 

uniformity over a large area further reveals that very little in-plane concentration 

variations can exist in our samples. These results are also encouraging for the 

translation of this field-free SOT switching scheme to industrial manufacturing on 

larger wafer sizes. 

 

 

Fig. S15 Field free switching experiments on a full 100 mm wafer. a, Die layout and numbering 

of a 100 mm (4 inch) wafer. b, Current-induced SOT switching loops of devices in parts 2, 4, 6 

and 8 on the wafer under zero in-plane field. All the devices on the wafer show the same switching 

behavior, indicating good device-to-device uniformity across the wafer. 
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