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adjacent heavy metal (HM) layers. In contrast to spin-transfer-torque MRAMs [START_REF] Perrissin | A Highly Thermally Stable Sub-20 Nm Magnetic Random-Access Memory Based on Perpendicular Shape Anisotropy[END_REF] , SOT devices require less demanding 3D fabrication, greatly simplifying their production. Moreover, their planar nature allows for easy visualisation and easier exploitation of the stray magnetic fields in applications such as reprogrammable magnetic domain configurations for spin-wave logic [START_REF] Wagner | Magnetic Domain Walls as Reconfigurable Spin-Wave Nanochannels[END_REF] .

The present drive to reduce switching currents and energy consumption is constrained by the selection of materials necessary to switch a magnetic domain via SOT. Similarly, real devices require multi-step nanofabrication to define memory storage cells. Here we present a new method to both reduce the switching currents, and to avoid multi-step lithography by using He + irradiation to locally modify the material properties in a single layer. Consequently, we can reduce the critical current density in a macroscopic device by almost an order of magnitude. Furthermore, we demonstrate how in-situ electrical measurement during irradiation allows precise control over the manipulation of the perpendicular magnetic anisotropy, capturing its evolution as a function of ion dose, making possible high-precision control and reproducibility of the process.

Light ion irradiation can lead to structural reorganization of stable material phases while preserving overall atomic composition with little to no topological damage [START_REF] Fassbender | Tailoring Magnetism by Light-Ion Irradiation[END_REF] . This allows for the reduction of PMA in thin magnetic multilayers [START_REF] Hoshi | Differences between Sputtering Methods in The Formation of Amorphous Magnetic Alloy Films[END_REF][START_REF] Chappert | Planar Patterned Magnetic Media Obtained by Ion Irradiation[END_REF] , which is caused by the intermixing of layers and increase of interfacial roughness [START_REF] Fassbender | Tailoring Magnetism by Light-Ion Irradiation[END_REF] . Furthermore, He + and Ar + broad-beam irradiation has been used to tailor SOT driven domain-wall dynamics [START_REF] Zhao | Enhancing Domain Wall Velocity through Interface Intermixing in W-CoFeB-MgO Films with Perpendicular Anisotropy[END_REF] , improve the spectral linewidth of SOT nanooscillators [START_REF] Jiang | Reduced Spin Torque Nano-Oscillator Linewidth Using He + Irradiation[END_REF] , and reduce the critical current density to switch the magnetisation of extended thin films via SOT [START_REF] Yun | Lowering Critical Current Density for Spin-Orbit Torque Induced Magnetization Switching by Ion Irradiation[END_REF] . Patterned magnetic anisotropy using broad beam irradiation has been demonstrated using shadow masks, but the smallest patterned volumes are mostly determined by the lithography process rather than the ion-beam interaction volume [START_REF] Chappert | Planar Patterned Magnetic Media Obtained by Ion Irradiation[END_REF] . On the contrary, focused helium ion beams allow precise control of perpendicular magnetic anisotropy [START_REF] Franken | Precise Control of Domain Wall Injection and Pinning Using Helium and Gallium Focused Ion Beams[END_REF][START_REF] Fowley | Local Modification of Magnetic Anisotropy and Ion Milling of Co/Pt Multilayers Using a He + Ion Beam Microscope[END_REF] and magnetisation [START_REF] Röder | Direct Depth-and Lateral-Imaging of Nanoscale Magnets Generated by Ion Impact[END_REF] on the order of size of the collision cascade (< ~10 nm) [START_REF] Hlawacek | Helium Ion Microscopy[END_REF] . With helium ion microscope (HIM) based He + irradiation, the lateral dimensions of the magnetic structures are limited only by the collision cascade [START_REF] Hlawacek | Helium Ion Microscopy[END_REF] due to the minimal beam-size of only 0.5 nm. SQUID magnetometry on unpatterned films with the substrate orientated parallel and perpendicular to the applied field indicated robust PMA (Fig. 1a), as expected for a sub-nm Co film [START_REF] Carcia | Perpendicular Magnetic Anisotropy in Pd/Co and Pt/Co Thin-film Layered Structures[END_REF] , with an effective anisotropy field of 1.28 T, and a saturation magnetisation µ0Ms of 1.02 T.

Samples of

Anomalous Hall effect measurements confirmed that the PMA remains intact on the patterned Hall bars (Figs. 1b,c). Here, we found square hysteresis loops and coercivities of ~20 mT (Fig. 1b) for magnetic fields applied perpendicular to the film along z, and effective magnetic anisotropies of well over 1 T (Fig. 1c) for hard axis measurements (along x). At positive saturation (+mz), the anomalous Hall resistance is 0.59 Ω.

Current-induced (Ix) switching measurements under a bias field µ0Hx = 150 mT (Fig 1d) yield a critical current density, Jc, of 6.0 MA cm -2 for full magnetisation reversal in the microfabricated structure. To minimise thermal effects while sweeping the current, Ix was pulsed for a duration of 2 ms, with a delay of 1 s between subsequent pulses, i.e., a duty cycle of 0.2%. Similar to the field driven switching in Fig. 1b, there is only one step and the saturated state has a resistance of 0.57

Ω.

The patterned devices were locally irradiated with helium ions with a 30 kV acceleration voltage using an Orion Nanofab helium ion microscope system, while in real time, we monitored the evolution of the anomalous Hall resistance in-situ. This electrical characterisation system consists of four Kleindieck MM3A micromanipulators which allow three-dimensional positioning of the contacting needles in a high vacuum environment (see Fig. 2a). A Keithley 2400 source meter was used to apply current and read the voltage drop corresponding to the longitudinal and transverse resistances. A current of 1 mA applied along the x-axis is used to probe the evolution of the anomalous Hall resistance close to zero applied magnetic field. The combination of the HIM with the possibility for in-situ control of the magnetisation state via Hall resistance measurements is unique in that it allows unprecedented spatial resolution, high flexibility in the patterning by avoiding high resolution but low yield lithography steps, resulting in a high turn around for explorative experiments. This compliments alternative approaches based on laser illumination with a 1.5 µm lateral resolution [START_REF] Cao | Deterministic Magnetization Switching Using Lateral Spin-Orbit Torque[END_REF] , ion broad beam irradiation which requires thick photoresist masks that limit the achievable spatial resolution [START_REF] Yun | Lowering Critical Current Density for Spin-Orbit Torque Induced Magnetization Switching by Ion Irradiation[END_REF] , electric field control of anisotropy [START_REF] Lee | Fast Magneto-Ionic Switching of Interface Anisotropy Using Yttria-Stabilized Zirconia Gate Oxide[END_REF] , or even oxidation which is CMOS compatible but inflexible and not ideal for fundamental studies [START_REF] Baek | Complementary Logic Operation Based on Electric-Field Controlled Spin-Orbit Torques[END_REF] .

During irradiation, the anomalous Hall resistance steadily decreases (Fig. 2b) until a critical dose of 35 ions nm -2 is reached, and a sharp switching is observed. The sharp fall in ΔR is complete at 37 ions nm -2 . The total fall of resistance (0.52 Ω) is close to the full deflection observed in the exsitu measurements shown in Fig. 1, marked as a grey dashed line, and indicates a reduced effective anisotropy field in the irradiated zone (HK2) compared to that of the extended structure (HK1) (Fig. 2b). The layer intermixing introduced by irradiation gives control over Keff, and HK2 thus becomes an experimentally tuneable parameter. Although the irradiations were carried out over the complete area of the Hall cross, as shown in Fig. 2c, the close proximity of the unirradiated areas allow for residual information from those regions to be gathered in the Hall loops, leading to the offset of ~0.1 Ω in Fig. 2b.

We selected four doses along this irradiation curve to demonstrate the ease of applying this technique to the reduction of critical currents for spin orbit torque switching. Figure 2d shows the corresponding anomalous Hall response versus µ0Hx for 1, 20, 30, and 50 ions nm -2 . Aside from the reduction in magnetic anisotropy field, evidenced by the saturation of RAHE at lower in-plane applied fields, several steps are observed in the anomalous Hall loops for irradiation doses ≥ 30 ions nm -2 . The additional steps correspond to the unchanged anisotropy in the unirradiated adjacent regions. This offset is highly dependent on the accuracy of overlaying the irradiation box with the junction area, and the residual Hall resistance is never precisely the same for each junction.

However, the multi-step switching, as seen in Fig, 2d, is always a result of the reversal of neighbouring regions adjacent to the Hall cross.

Assuming coherent rotation of the magnetisation, the normalised first quadrant magnetisation, 𝑀 " # , (Fig. 2e) can be fitted with [START_REF] Fowley | Direct Measurement of the Magnetic Anisotropy Field in Mn-Ga and Mn-Co-Ga Heusler Films[END_REF] 𝑀 " # = % 1 -( 𝜇 * 𝐻 , 𝜇 * 𝐻 - .

/ (1) which yields the magnetic anisotropy field, µ0HK, as a function of irradiation dose (Fig. 2f). We observe a continuous decrease in the anisotropy field, from 1.32 T for as-deposited films, to only 0.12 T for samples irradiated beyond the critical dose of 35 ions nm -2 . The saturation magnetisation, Ms, (Fig. 2f) was determined from the relative change in the saturation Hall resistance with ion dose, when the magnetic field is applied out-of-plane, along z (not shown here).

Ms is reduced at higher ion doses, due to alloying of the Co/HM interfaces, but is less sensitive than the magnetic anisotropy field, HK, only reducing to 86% of the initial value compared to 33%

for the anisotropy field after a dose of 30 ions nm -2 .

Both the HK and Ms play an important role in current-induced SOT switching. Under a macrospin approximation with the condition 𝐻 , ≪ 𝐻 -, where 𝐻 , is a magnetic bias field applied in-plane, the critical current density, Jc, required to switch the magnetisation direction of a magnetic state (in SI units) is 29

𝐽 5 = 2e𝜇 * 𝑀 8 𝑡 : ℏ𝜃 => ( 𝐻 - 2 - 𝐻 , √2 . ( 2 
)
where e is the electronic charge, ℏ is the reduced Planck constant, tf is the magnetic free-layer thickness, and 𝜃 => is the spin Hall angle. However, when the applied field is comparable to the anisotropy, as we find for increased ion doses, the critical current density can instead be written as 29

𝐽 5 = 2𝑒𝜇 * 𝑀 8 𝑡 : ℏ𝜃 => A % 𝐻 - / 32 C8 + 20𝑏 / -𝑏 H -𝑏(8 + 𝑏 / ) I / JK (3) 
where

𝑏 = > L > M
. The effect of ion dose on Jc is initially minimal for doses up to 20 ions nm -2 (Figs.

2f, 3a, & Table 1), with 𝐽 5 N reducing from -6.0 to -5.0 MA cm -2 (for µ0Hx = 150 mT). For 30 ions nm -2 , close to the critical dose, the critical current density is, however, reduced by almost one order of magnitude to -800 kA cm -2 . At larger doses, 50 ions nm -2 , we only observe the switching in the peripheral regions adjacent to the Hall cross.

Nonetheless, reducing the critical current density is not the sole criterion for improvement of SOT switching of magnet states. Additionally, we define a SOT switching efficiency, 𝜂, being the ratio of the magnetic energy barrier (𝐾 Q:: ) per unit area (in the magnetic free layer tf) versus the electrical power (P) per unit area (in the entire stack thickness d) required to switch the magnetic state, in units of seconds:

𝜂 = 𝐾 Q:: 𝑡 : 𝑃𝑑 = 𝜇 * 𝑀 8 (𝐻 --𝐻 , )𝑡 : 2𝐽 5 / 𝜌𝑑 ( 4 
)
where 𝜌 is the total resistivity of the device. The choice of units is deliberate; the minimum pulse length for deterministic SOT switching is not always reported, but if it is known, then 𝜂 can be divided by this duration to determine the dimensionless efficiency. Either way, a larger value of 𝜂 implies a more stable magnetic element that requires less power to switch. Defined in this way, the switching efficiency of different material systems can be compared regardless of the pulse length, so long as the bias fields are similar. Furthermore, increasing N, the number of Pt/Co/W repeats, will not impact the efficiency if the relative amount of magnetic material remains the same, i.e. tf /d is constant. If the bias fields are not similar, substituting Jc from Eq. ( 2) into ( 4)

under the condition 𝐻 , ≪ 𝐻 -, leads to an intrinsic SOT efficiency for PMA systems:

𝜂 V = ℏ / 𝜃 => / 2𝜇 * 𝑀 8 𝐻 -𝑒 / 𝜌𝑑𝑡 : (5) 
The advantage of Eq. ( 5) is that it depends solely on intrinsic material properties, and not on the experimental conditions, thus making it a more transparent comparator between different reported systems, particularly when the experimental current pulse may be much longer than the intrinsic switching time. Its drawback is that it is based on a macrospin approximation, which cannot envisage a multidomain response, and therefore overestimates the critical current density by a factor 10 -100.

Nevertheless, Eq. 5 provides a theoretical guideline for optimum parameters when considering material systems. This expression illustrates that to achieve large switching efficiencies, a minimal amount of conductive material must be used, while retaining a large spin Hall angle and a small anisotropy field. We find that neither the calculated spin Hall angle nor resistivity change significantly upon irradiation, with the former remaining ~0.4, and the latter ranging from 215 -235 µΩ.cm. Similar to Jc, we find there is negligible change in the intrinsic switching efficiency, 𝜂 V , for irradiation doses < 20 ion nm -2 , which remains close to 2 fs (Table 1), increasing to a maximum of 4.2 fs at 30 ions nm -2 . In contrast, the experimental efficiency, 𝜂, is initially ~7.1 ps, and drops at 20 ions nm -2 to 4.3 ps, before then increasing to its maximum of 86 ps at 30 ions nm -2 , an order of magnitude improvement upon the virgin state. The discrepancy between 𝜂 and 𝜂 V is due to the breakdown of the macrospin approximation used to calculate the latter. In all cases, the switching efficiency compares favourably to the literature values listed in Table 2, where efficiencies are of order 0.01 -10 ps, with a maximum of 69 ps found for metallic Ta/Pt/Co/W/Ta multilayers [START_REF] Zhang | Current-Induced Magnetization Switching in Pt/Co/W and Pt/Co/W0. 82Pt0.18 Structures with Perpendicular Magnetic Anisotropy[END_REF] , and 21 ps for insulating barium ferrite on Pt [START_REF] Li | Spin-Orbit Torque-Assisted Switching in Magnetic Insulator Thin Films with Perpendicular Magnetic Anisotropy[END_REF] , while zero-field switching devices [START_REF] Lee | Fast Magneto-Ionic Switching of Interface Anisotropy Using Yttria-Stabilized Zirconia Gate Oxide[END_REF] , present much lower efficiencies (0.74 ps).

Returning to the SOT switching for 30 ions nm -2 , shown in Fig. 3a, we sketch the magnetic states at points 1, 2, 3 and 4 in Fig. 3b. As the interior of the Hall cross can be addressed separately from the rest of the device, this forms a two-state system that can be addressed electrically as shown in Fig. 3a, or magnetically as shown in Figs. 2c and3c,d. Electrical switching involves applying a bias in-plane field (here 150 mT), and pulsing currents in a range of ± 3 mA to ensure switching of only the irradiated region. This leads to a switch between states 1 and 2, or 3 and 4 in (Fig. 3a,b). Otherwise pulsing currents of order ± 7.5 mA switches the magnetisation of the entire device between states 1 and 3 (Fig. 3a,b). Magneto-optic Kerr effect (MOKE) imaging under magnetic fields normal to the device (µ0Hz) confirms that the entire irradiated region switches independently from the rest of the device, Fig. 3c. Individual hysteresis loops for the irradiated (30 ions nm -2 ) and non-irradiated regions (as-dep1, as-dep2) are shown in Fig. 3d. The irradiated and unirradiated regions exhibit coercivities which are well spaced in magnetic field, µ0Hc = 5 mT and µ0Hc = 16 mT, respectively. The reader is directed to the supplementary video 1 to view the full magnetisation response during a field sweep.

Although there is an equivalence between electrical and magnetic switching, electrical SOT switching is more robust to variability in lithographic processing of the Hall bars than magnetic switching. This is because the former depends on the perpendicular magnetic anisotropy of a device, compared to coercivity for the latter. We find less than 1% variation in the magnetic anisotropy for the non-irradiated devices, µ0HK =1.32 ± 0.01 T, as the anisotropy is determined by the deposition process, which in bulk, non-patterned, thin films is 1.28 ± 0.05 T. In contrast, we find a 26% variation of coercivity in the same devices, 14 ± 4 mT, reflecting the strong dependence of the coercivity on the lithographic processing and slight variations in dimensions of the Hall bars. Since we address the anisotropy directly with ion irradiation, this illustrates the advantageous precision and robustness of focussed ion beam irradiation for magnetic element patterning compared to material removal.

In order to assess the suitability of the device as a memory storage element, we analyse the effect of He + irradiation on the thermal stability of the created magnetic bits. As expected, the reduction in 𝐽 5 does come at the cost of thermal stability, defined by a parameter Δ = 𝐾 Q:: 𝑉/𝑘 \ 𝑇, where 𝑉 is the magnetic element volume 𝑘 \ is Boltzmann's constant and 𝑇 is temperature. However, even for a 1 nm thick, 32 nm sided element, i.e. a 1024 nm 3 volume, ∆ = 64 for doses as high as 20 ions nm -2 , more than the 10-year stability criterion of 60 used in magnetic recording [START_REF] Evans | Thermally Induced Error: Density Limit for Magnetic Data Storage[END_REF] . Close to the critical dose, at 30 ions nm -2 , ∆ drops to 38-the equivalent of 95% data retention for 16 days [START_REF] Weller | Thermal Effect Limits in Ultrahigh-Density Magnetic Recording[END_REF] but unlike data storage, long-term stability is not critical to all applications. In fact, weakly bistable devices can be suitable for spin Hall oscillators, where the strength and modulation of spin wave propagation depends on the magnetic anisotropy [START_REF] Fulara | Spin-Orbit Torque-Driven Propagating Spin Waves[END_REF] . An easy way to improve the thermal stability would be to add N Pt/Co/W repeats to the system. ∆ will increase linearly with N, while not impacting η (Eq. 4), as stated previously. Furthermore, the reduction in local magnetic anisotropy allows for minimal losses during magnetisation switching. This level of control highlights the effectiveness of this method to tailor the switching current density in PMA multilayers. Although only two steps are shown in Fig. 3, one can also write switching current spatial gradients of almost any value directly. This allows for complex tailoring of not only field free memory elements [START_REF] Yu | Switching of Perpendicular Magnetization by Spin-Orbit Torques in the Absence of External Magnetic Fields[END_REF][START_REF] Lau | Spin-Orbit Torque Switching without an External Field Using Interlayer Exchange Coupling[END_REF][START_REF] Cai | Electric Field Control of Deterministic Current-Induced Magnetization Switching in a Hybrid Ferromagnetic/Ferroelectric Structure[END_REF][START_REF] Sheng | Adjustable Current-Induced Magnetization Switching Utilizing Interlayer Exchange Coupling[END_REF] , but even permits the control of spin-wave waveguide locations coupled with on-and-off spin-wave transmission control [START_REF] Wagner | Magnetic Domain Walls as Reconfigurable Spin-Wave Nanochannels[END_REF][START_REF] Sluka | Emission and Propagation of 1D and 2D Spin Waves with Nanoscale Wavelengths in Anisotropic Spin Textures[END_REF] . Such switching current spatial gradients can be used to tailor the synaptic-like response from PMA memory elements [START_REF] Cao | Tuning a Binary Ferromagnet into a Multistate Synapse with Spin-Orbit-Torque-Induced Plasticity[END_REF] when applied to neuromorphic computing or even logic elements [START_REF] Baek | Complementary Logic Operation Based on Electric-Field Controlled Spin-Orbit Torques[END_REF] . Extremely low thermal stability, would mean metastable 0 and 1 states which can be applied to probabilistic computing [START_REF] Borders | Integer Factorization Using Stochastic Magnetic Tunnel Junctions[END_REF] or random number generation [START_REF] Lee | Design of High-Throughput and Low-Power True Random Number Generator Utilizing Perpendicularly Magnetized Voltage-Controlled Magnetic Tunnel Junction[END_REF] .

In summary, a He + microscope has been used to perform mask-less light-ion irradiation on perpendicular magnetic anisotropy stacks for local control of the SOT switching properties. In-situ electrical measurements of anisotropy reduction provides real-time control of the anisotropy, allowing accurate determination of the critical dose needed to reach a desired, up to the transition to in-plane magnetic anisotropy. The corresponding reduction in critical current densities for SOT switching are nearly linear with decreasing anisotropy. Irradiation at doses just below the critical dose allow us to achieve almost an order of magnitude control over the critical current required for robust switching, and DC switching current densities as low as 800 kA cm -2 are achieved, which we believe is the lowest to date. Moreover, the switching efficiency of 86 ps is larger than the previous state of the art. It illustrates the unique advantages of this approach, and opens the door to preferential switching of predetermined areas of a device, limited only by the nm-resolution of the He + ion beam microscopy, while preserving the flat topography of the initial magnetic stack. The properties are: effective anisotropy Keff, thermal stability parameter Δ, negative and positive critical currents 𝐼 5 N , 𝐼 5 _ , the corresponding experimental critical current densities 𝐽 5 N , 𝐽 5 _ , the theoretical critical current density 𝐽 5 `a determined using Eq. ( 3) with µ0Hx = 150 mT, and an effective spin hall angle measured to be 𝜃 => = 0.4, the switching efficiency 𝜂 calculated from Eq. ( 4), and intrinsic efficiency 𝜂 V using Eq. ( 5). Note that for 50 ions nm -2 , only switching of adjacent unirradiated regions was detected. [START_REF] Sinova | Spin Hall Effects[END_REF] , and for multilayers with adjacent layers of opposite 𝜃 => , the magnitude of the larger one was chosen; c) calculated for µ0Hx = 0; d) when not reported, calculated using bulk resistivity values from [START_REF] Haynes | CRC Handbook of Chemistry and Physics[END_REF] , and then corrected using the M-S model [START_REF] Mayadas | Electrical-Resistivity Model for Polycrystalline Films: The Case of Arbitrary Reflection at External Surfaces[END_REF] ; e) topological insulator used for spin injection; f) ferromagnetic insulator; g) zero field switching device, moving between a remnant state mz = 0, and a downward pointing -mz state.

DETERMINING MAGNETIC ANISOTROPY FROM ANOMALOUS HALL EFFECT

If the magnetisation, M, of a perpendicularly magnetised thin film were to rotate coherently under an in-plane external magnetic field H x , then its magnetic free energy can be described using the Stoner-Wohlfarth model as [1] 

E = K U sin 2 θ -µ 0 M H x cos (θ -π/2) (1) 
where K U is the uniaxial anisotropy, and θ is the angle between the magnetisation and the normal to the surface. Minimising the free energy with respect to θ results in

θ = sin -1 µ 0 M H x 2K U (2) 
The anomalous Hall effect is sensitive to the perpendicular component of the magnetisation, giving a signal proportional to M z

M z = M cos θ = M cos sin -1 µ 0 M H x 2K u = M 1 - µ 0 M H x 2K u 2 (3) 
For the normalised data used here, the equation is recast as

M z = 1 - B x B K 2 (4) 
where M z is the normalised z component of the magnetisation, B x = µ 0 H x and B K = µ 0 H K are the applied field and anisotropy field in units of T.

Normalised AHE data for a sample after irradiation (20 ions/nm 2 ) are shown in Fig. 1. The in-plane component, M x was assumed to be M x = 1 -M 2 z , also shown in Fig. 1. The data was fitted using Eq. 4 from 0 to 300 mT, but above ≈430 mT the magnetisation deviates due to the formation of domains. The anisotropy field, H K , was extrapolated from the coherent region to M z = 0, M x = 1, was found to be µ 0 H K = 611 mT. From unpatterned film SQUID magnetometry, we found the saturation magnetisation to be 0.83 MA m -1 , and noting the following relation

µ 0 H K = 2K ef f M s (5) 
where M s is the thin film saturation magnetisation, the effective anisotropy K ef f is 0.51 MJ m -3 . 

M z M x M z f i t M x f i t M z , M x µ 0 H ( T )
FIG. 1. Normalised AHE data for increasing in-plane applied magnetic field (Mz, square scatter plot), with its corresponding fit (solid line), and extrapolated in-plane magnetisation (Mz).

COERCIVITY AND ANISOTROPY DISTRIBUTION

The anomalous Hall resistance of 8 non-irradiated samples was measured for µ 0 H z and µ 0 H x (Fig. 2). A significantly larger distribution of coercivities (14 ± 4 mT) was observed compared to the variation of anisotropy (1.32 ± 0.01 T). 

THICKNESS-DEPENDENT CORRECTION OF RESISTIVITIES

The resistivity of metal thin films is known to increase significantly for thicknesses below 10 nm [2]. As the experimental resistivity is not always reported in the literature for SOT devices, we take bulk resistivity values and apply a consistent correction to the resistivity of each layer. Assuming grain-boundary dominated scattering, the thin film resistivity can be written using the M-S model as [3]:

ρ f = ρ 0 f α (6) 
where ρ f is the corrected thin film resistivity and ρ 0 is the bulk resistivity with

f α = 1 - 3 2 α + 3α 2 -3α 3 ln 1 + 1 α (7) 
and

α = λR coef D(1 -R coef ) ( 8 
)
where λ is the electron mean free path without grain boundaries (typically 10 -40 nm), R coef is the electron grain boundary reflection coefficient (typically 0.4 -0.6), and D is the grain size. We fitted the M-S model to the measured resistivity of our complete stack, ρ = 214 µΩ.cm, resulting in λ = 25 nm, R coef = 0.611, and where we fix the grain size to the equal to the thickness of the layer, D = d. We then applied this model to determine the resistivity of the unreported literature stacks.

  Ta(5)/Pt(2)/Co(1.0)/W(1.5)/Pt(1.5)/Ta(1.5) were prepared by magnetron sputtering on Si wafers, and patterned into 10 µm Hall bar structures by a combination of UV lithography, ion milling and lift-off. An asymmetric stack of Pt, Co, and W was chosen, as the opposite spin Hall angles of the Pt-Co and Co-W interfaces are known to maximise SOT switching efficiency 23 .

Figure 1 .

 1 Figure 1. a) SQUID-VSM magnetometry parallel (Mx) and perpendicular (Mz) to the substrate.

Figure 2 .

 2 Figure 2. a) False coloured helium ion microscopy image of the in-situ contacting of a 10 µm Hall

Figure 3 .

 3 Figure 3. a) Current driven SOT switching curves at the same doses as Fig. 2 under a bias field of

4 FIG. 2 .

 42 FIG. 2. Anomalous Hall resistance of virgin devices for a) µ0Hz and b) µ0Hx. Panel b) shows the normalised first quadrant.

Table 1 .

 1 Irradiation dose dependency of the thin film magnetic properties.

	Dose	Keff	Δ	𝜌	𝐼 5 N	𝐼 5 _	𝐽 5 N	𝐽 5 _	𝐽 5 `a	𝜂	𝜂 V
	ions nm -2	kJ m -3		µΩ.cm	mA	mA	MA cm -2 MA cm -2	MA cm -2	ps	fs
	0	537	133	214	-7.5	7.5	-6.0	6.0	459	7.1	1.2
	1	521	129	214	-7.5	7.5	-6.0	6.0	442	6.9	1.2
	20	257	64	219	-6.2	7.5	-5.0	6.0	184	4.3	2.5
	30	153	39	224	-1.0	3.3	-0.8	2.7	85	86	4.2
	50	38	9	235	-	-	-	-	-	-	-

Table 2 .

 2 Comparing Switching Efficiencies. then the smaller of the two values is taken; b) when not reported, literature values of 𝜃 => were taken from

	Stack	Jc a)	Bx 𝜃 => b) 𝛥 c)	P d)	𝜂	𝜂 V Ref.
		MA cm -2 mT			PW m -3 ps	fs
	Pt 3/Co 0.6/AlOx 1.6	78	47.5 0.07	74	2330	0.02 0.09	10
	Ta 3/Pt 5/Co 0.6/Cr 2/Ta 5	2.70	20	0.41 106	0.89	28 2.02	43
	Ta 3/Pt 5/Co 0.8/W 3/TaOx 2	2.30	5	0.244 136	0.42	69 0.78	30
	Ta 5/CoFeB 1.1/MgO 2/Ta 2	3.09	20	0.08	56	1.91	14 0.19	44
	Bi2Se3 7.4 e) /CoTb 4.6/SiNx 3	3.0	100	0.16	73	2.48	6.2 0.23	45
	Pt 5/BaFe12O19 3 f)	5.7	123	0.07 232	6.26	18 0.04	31
	Pt 4/Co 0.4/Ni 0.2/Co 0.4 /Pt 2 g)	7.1	0	0.07	13	10.2	0.74 0.72 37
	a) If 𝐽 5 -≠ 𝐽 5 _,							
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