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Magnetic torques generated through spin-orbit coupling1-8 promise energy-efficient 18 

spintronic devices. It is important for applications to control these torques so that they 19 

switch films with perpendicular magnetizations without an external magnetic field9-14.  20 

One suggested approach15 uses magnetic trilayers in which the torque on the top 21 

magnetic layer can be manipulated by changing the magnetization of the bottom layer. 22 

Spin currents generated in the bottom magnetic layer or its interfaces transit the spacer 23 

layer and exert a torque on the top magnetization. Here we demonstrate field-free 24 

switching in such structures and show that its dependence on the bottom layer 25 

magnetization is not consistent with the anticipated bulk effects15. We describe a 26 

mechanism for spin current generation16,17 at the interface between the bottom layer 27 

and the spacer layer, which gives torques that are consistent with the measured 28 

magnetization dependence. This other-layer-generated spin-orbit torque is relevant to 29 

energy-efficient control of spintronic devices. 30 

Spin current generation by the spin-orbit interaction is a central theme in condensed 31 

matter physics18. Two fundamental questions about spin current generation via the spin-orbit 32 

interaction relate to modifying the spin polarization carried by the spin current. First, how can 33 

one increase the magnitude of spin polarization? Most studies have focused on this objective, 34 

which typically involves searching for materials with large spin Hall effect1-8, which converts 35 

a charge current to a spin current19,20 through bulk spin-orbit coupling. In this paper, we 36 

address a second question: How can we control the direction of the spin polarization? 37 

Current implementations of high-density magnetic memory and logic applications use 38 

structures with perpendicular magnetizations21-23. For commercial viability, it is necessary to 39 

switch this perpendicular magnetization without applying an external magnetic field. 40 

Deterministic field-free switching of perpendicular magnetizations via spin-orbit torques is 41 
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impossible without applying an in-plane magnetic field1 (or effective field9-14) or, as we 42 

demonstrate, the spin σ of the incoming spin current having a component anti-aligned with 43 

the perpendicular magnetization. In isotropic materials, symmetry requires that for the spin 44 

Hall effect, the spin polarization σ, spin-current flow, and charge-current flow are mutually 45 

orthogonal. In this case, charge flowing in the electric field direction (x-direction) generates 46 

spin flowing toward the interface normal (z-direction) and this spin current is spin-polarized 47 

along the σ = ±y direction. Field-free switching of perpendicular magnetization requires spin 48 

currents with σ deviating from y. Such spin currents, but not switching, have been 49 

demonstrated in recent experiments in low-symmetry, single crystal WTe2
24 and in metallic 50 

ferromagnets in trilayers25.  51 

In this work, we experimentally demonstrate spin currents that have spins aligned away 52 

from ±y and that are strong enough to give field-free spin-orbit torque switching of 53 

perpendicular magnetizations in ferromagnetic trilayers. These spin currents are generated in 54 

a separate, in-plane-magnetized ferromagnet (FM) and flow through the normal metal with an 55 

out-of-plane (z) component of the spin polarization in addition to an in-plane (y) component. 56 

We also show theoretically that the interface between the ferromagnet and the normal metal 57 

can generate such spin currents (Supplementary Note 1) through a combination of two 58 

processes16,17. First, the in-plane electric field (E//x) creates non-equilibrium carriers that are 59 

anisotropic in momentum space and differ between the ferromagnetic and normal metal 60 

layers (because of their different electrical conductivities). The asymmetry between carriers 61 

in different layers allows for net spin propagation normal to the interface, perpendicular to the 62 

electric field. Second, carriers scattering off the interface interact with interfacial spin-orbit 63 

fields, polarizing the flow of spins. These processes enable an in-plane electric field to 64 
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generate a spin current flowing out-of-plane. 65 

Two distinct mechanisms are important for electron spins scattering from an interface: 66 

spin-orbit filtering and spin-orbit precession. The former applies to the component of the 67 

spins along the interfacial spin-orbit field and the latter to the transverse components. Carriers 68 

incident to the interface with spins parallel and antiparallel to the field have different 69 

reflection and transmission probabilities. After scattering, an unpolarized current becomes 70 

polarized. When summed over all electrons, this spin-orbit filtering gives a net spin 71 

polarization in the y = z×E direction, identical to that of the spin Hall spin current 72 

(Supplementary Note 1).  73 

Spin-orbit precession occurs because incoming carriers with opposite spins perpendicular 74 

to the spin-orbit field both precess the same while scattering off the interface. If the incoming 75 

current has no net spin polarization, no polarization develops. However, if the incoming 76 

current has a net polarization, such as from a ferromagnetic layer, then after precession, the 77 

net polarization survives and changes its orientation. After summing over the Fermi surfaces, 78 

the spin-orbit precession current has a net spin polarization in the m×y direction where m is 79 

the magnetization vector of the ferromagnetic layer (Supplementary Note 1). For an in-plane 80 

magnetized ferromagnet (m//x), this mechanism generates a spin current flowing into the 81 

normal metal polarized with a z-component.   82 

Symmetry does allow for similar spin currents in bulk ferromagnets. However, existing 83 

theoretical models15 postulate that the spin currents generated by the bulk spin-orbit 84 

interaction have spins largely aligned with the magnetization because precession of the spins 85 

around the exchange field rapidly dephases the transverse components. If this assumption is 86 

not correct, bulk-generated spin currents could provide an explanation for our experimental 87 

results. However, interface-generated spin currents are not subject to dephasing once they 88 
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enter the normal metal, potentially allowing for much larger components transverse to the 89 

magnetization.  90 

To test whether spin currents like those predicted to be generated at the interface are 91 

significant, we measure spin-orbit torques for bottom FM(4)/Ti(3)/top CoFeB(1 to 92 

1.4)/MgO(1.6) Hall bar structures (layer thicknesses in nanometers). The top CoFeB layer is 93 

perpendicularly magnetized and serves as a spin current analyzer while the bottom FM is an 94 

in-plane magnetized CoFeB or NiFe layer (Fig. 1a and Methods). We refer to these structures 95 

collectively as FM/Ti samples and particularly as CoFeB/Ti or NiFe/Ti samples. We choose 96 

these structures because the insertion of a Ti layer adds an additional FM/Ti interface but as 97 

we show below, the Ti layer itself generates a negligible spin current. Consequently, any spin 98 

current generated in the FM/Ti samples is caused either by the bulk spin-orbit interaction of 99 

the bottom ferromagnet15 or by the interfacial spin-orbit interaction of the FM/Ti interface16,17.  100 

We perform harmonic Hall voltage measurements4,5 (Methods) to assess the damping-like 101 

and field-like spin-orbit torques. We also measure spin-orbit torque switching as an 102 

independent test for the sign of spin-orbit torque. In the harmonic Hall measurement with an 103 

ac current applied in the x-direction, the sign of the 2nd harmonic signal (V2ω) for an in-plane 104 

magnetic field B = Bx (B = By) gives the sign of damping-like (field-like) spin-orbit torque 105 

(see schematic in Fig. 1a). We examine four types of samples: the CoFeB/Ti, NiFe/Ti, and 106 

two other types of samples, in which the FM/Ti bilayer is replaced by a single Ta or Ti layer 107 

(i.e., the Ta and Ti samples). The Ta sample provides a reference for the sign of spin-orbit 108 

torque.  109 

The Ta sample shows a negative peak in the 2nd harmonic signal for positive in-plane 110 

fields (i.e., Bx > 0), corresponding to a negative spin Hall angle (Fig. 1b). Spin-orbit torque 111 

switching of the Ta sample shows up-to-down switching for negative currents and positive Bx 112 
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(Fig. 1f). This switching direction also corresponds to a negative spin Hall angle (Fig. 1b). 113 

On the other hand, the Ti sample shows negligible spin current generation (Supplementary 114 

Note 2) as seen both in the lack of spin-orbit torque switching (Figs. 1c) and in the small 2nd 115 

harmonic signal V2ω when normalized by the maximal change in V1ω shown in the insets4,5.  116 

Importantly, we find that the CoFeB/Ti (Figs. 1d and 1h) and NiFe/Ti samples (Fig. 1e 117 

and 1i) exhibit spin-orbit torques sufficiently large to switch the perpendicular magnetization 118 

of the top CoFeB layer. A difference between the CoFeB/Ti and NiFe/Ti samples is the sign 119 

of spin-orbit torque, i.e., the sign of spin polarization. The CoFeB/Ti sample shows the same 120 

sign as the Ta sample but the NiFe/Ti sample has the opposite sign. As we use nominally 121 

identical structures except for the type of bottom ferromagnet, this sign difference between 122 

the samples unambiguously demonstrates that the spin current generated from the bulk 123 

ferromagnet or FM/Ti interface is responsible for the spin-orbit torque. We estimate the 124 

effective spin Hall angles (Supplementary Note 4) as ≈−0.048±0.002 for the Ta sample, 125 

≈−0.014±0.001 for the CoFeB/Ti sample, and ≈+0.006±0.0006 for the NiFe/Ti sample 126 

(uncertainties are single standard deviations). Therefore, the effective spin Hall angles of 127 

FM/Ti samples are non-negligible. 128 

We next test whether the spin current in FM/Ti samples is consistent with that predicted15 129 

for the bulk spin-orbit interaction of the bottom ferromagnet subject to strong dephasing. We 130 

focus on the anomalous Hall effect because the anisotropic magnetoresistance is predicted to 131 

give no out-of-plane spin currents for an in-plane magnetization. Comparing in-plane 132 

magnetized CoFeB and NiFe layers without a perpendicularly magnetized top CoFeB layer, 133 

we find that the anomalous Hall signals are of the opposite sign, consistent with a previous 134 

calculation26 (Supplementary Note 5). This sign change is consistent with the opposite spin-135 

orbit torque signs between the CoFeB/Ti and NiFe/Ti samples (Fig. 1).  136 
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The spin polarization direction of the spin current originating from the anomalous Hall 137 

effect is expected to align with the magnetization direction of the ferromagnet15 and can be 138 

analyzed through the 2nd harmonic signal as a function of the azimuthal angle of 139 

magnetization in the ferromagnet. Macrospin modeling (Methods) gives the expected 140 

variation of 2nd harmonic signals with the azimuthal angle of magnetization for a fixed spin 141 

direction (σ=y; Fig. 2a) and for the anomalous Hall effect (σ=m; Fig. 2b). Figures 2c and 2d 142 

show the measured azimuthal-angle-dependent 2nd harmonic signals for the Ta and CoFeB/Ti 143 

samples, respectively. We find that the samples behave similarly to the calculation for the 144 

fixed σ = y. The NiFe/Ti sample exhibits similar dependence but with reversed sign 145 

(Supplementary Note 6). From these results, we conclude that the spin current in FM/Ti 146 

samples appears to have its spin component along the y-direction, which is inconsistent with 147 

the predicted15 behavior of the anomalous Hall effect, but is consistent with what we expect 148 

from the interfacial spin-orbit interaction of FM/Ti interface. To test whether the bottom FM 149 

bulk or FM/Ti interface generates the spin current, we insert 1 nm-thick NiFe or CoFeB layer 150 

between the in-plane FM and Ti layers of the CoFeB/Ti and NiFe/Ti samples shown in Figs. 151 

1 and 2. We measure harmonic signals and spin-orbit torque switching in 152 

substrate/CoFeB(3)/NiFe(1)/Ti(3)/CoFeB/MgO and 153 

substrate/NiFe(3)/CoFeB(1)/Ti(3)/CoFeB/MgO samples. We find that the sign of spin-orbit 154 

torque is determined by the thinner (1 nm) inserted FM layer rather than the thicker (3 nm) 155 

bottom FM layer (Supplementary Note 7). This observation suggests that the unconventional 156 

spin current originates from the interface as the spin diffusion length of the FMs is believed 157 

to be longer than 1 nm27. 158 

To test whether the spin polarization of the spin current has an additional z-component (σz) 159 
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as predicted by theory, we measure hysteresis loops of the anomalous Hall signal Rxy (i.e., mz 160 

component of the top perpendicular CoFeB layer) versus out-of-plane field Bz in the presence 161 

of dc current Idc. We note that a current with a particular polarity generates a spin current 162 

flowing out-of-plane with a spin z-component and generates an anti-damping torque for the 163 

perpendicular magnetization. Anti-damping torque causes an abrupt increase in the loop shift 164 

as a function of Idc at a threshold above which it exceeds the intrinsic damping, as in 165 

conventional spin-transfer torque studies28 [also indicated by down arrows in modeling 166 

results (Fig. 3a)]. Here we define the center of the hysteresis loop167 

[ ] 2/)()()( dcCdcCdcS IBIBIB −+ −=  where ±
CB  are positive and negative magnetization 168 

reversal fields, and the loop shift )()()( −+ −=Δ dcSdcSdcS IBIBIB  where ±
dcI  are positive and 169 

negative dc currents. We note that such a threshold effect is absent for σ = y and external in-170 

plane field Bx = 0 (Black solid square symbols in Fig. 3a). We also note that for the case with 171 

σ = y and Bx ≠ 0, ΔBs gradually increases with dc current but there is no threshold effect 172 

(Black open circular symbols in Fig. 3a). In Figs. 3b and 3c, we show that the threshold effect 173 

is observed experimentally for the CoFeB/Ti sample. The hysteresis loops remain the same 174 

for dc currents up to 5 mA and then start to shift to the positive (negative) Bz direction for a 175 

larger positive (negative) dc currents when the magnetization direction of the in-plane CoFeB 176 

is set in the positive x-direction. The direction of the loop shift reverses when changing the 177 

magnetization direction of the in-plane CoFeB to the negative x-direction, consistent with the 178 

theoretical prediction, i.e., σz ~ m×y. This threshold effect differs from the linear dependence 179 

of ΔBS on dc current for the Ta sample in the presence of Bx (Black open circular symbols in 180 

Fig. 3c and Supplementary Note 8).  181 

Spin-orbit torque switching without in-plane magnetic fields provides additional support 182 
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for this spin z-component. As the spin z-component favors opposite magnetization directions 183 

of the top CoFeB layer for opposite current directions, it enables field-free spin-orbit torque 184 

switching. In Figs. 3d and 3e, we show that field-free switching is achieved for the CoFeB/Ti 185 

sample when the magnetization of the bottom, in-plane layer points along the +x- and -x- 186 

directions, respectively. We note that stray fields from the in-plane CoFeB layer could cause 187 

field-free switching but must show a linear increase with dc current even below 5 mA, which 188 

is not seen in Fig. 3c. The threshold effect in ΔBS together with field-free switching proves 189 

the existence of a spin z-component in the polarization of spin currents.  190 

In this work, we demonstrate other-ferromagnet-generated spin current experimentally 191 

and derive a model for an interface-generated contribution. As widely-studied 192 

ferromagnet/heavy metal bilayers also have an interface, we expect that non-negligible 193 

interface-generated spin currents are present in bilayers as well, as recently suggested by ab-194 

initio studies29,30. Our finding of the other-ferromagnet-generated spin current broadens the 195 

scope of material engineering for spintronic devices, and is beneficial for spin-orbit torque 196 

switching devices with perpendicular magnetization because it eliminates the external field 197 

that is deleterious to high-density device integration.   198 

  199 
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Methods 270 

Sample preparation. The samples of underlayer/FM(4 nm)/Ti(3 nm)/CoFeB(1 nm)/MgO, Ti 271 

(3 nm)/CoFeB(1 nm)/MgO, and Ta(3 nm)/CoFeB(1 nm)/MgO structures were prepared on 272 

thermally oxidized Si substrates by magnetron sputtering with a base pressure of less than 273 

4.0×10-6 Pa (3.0×10-8 Torr) at room temperature. A underlayer of Ti (2 nm to 4 nm) was 274 

introduced for FM/Ti samples to improve the adhesion of FM layer on SiO2 substrate and a 275 

capping layer of Ta (2 nm) was used to protect the MgO layer. All metallic layers were grown 276 

by d.c. sputtering with a working pressure of 0.4 Pa (3 mTorr), while the MgO layer is 277 

deposited by RF sputtering (150 W) from an MgO target at 1.33 Pa (10 mTorr). The 278 

compositions of CoFeB and NiFe are Co32Fe48B20, and Ni81Fe19, respectively. All samples 279 

were annealed at 150 °C for 40 min in vacuum condition, 4.0×10-4 Pa (3.0×10-6 Torr), to 280 

promote the perpendicular magnetic anisotropy. The Hall-bar structured devices including a 281 

square-shaped ferromagnetic island were fabricated using photo-lithography and Ar ion-beam 282 

etching. The width of the Hall bar is 5 μm and the size of the ferromagnetic island is 4×4 μm2.  283 

Spin-orbit torque measurements. The spin-orbit torque was characterized using a harmonic 284 

lock-in technique. The first and second harmonic Hall resistances for an ac current of 50 Hz 285 

were simultaneously measured while sweeping the in-plane external magnetic field, in the 286 

longitudinal (Bx) or transverse (By) direction to the current direction. The in-plane magnetic 287 

field has a slight out-of-plane tilt angle (2° to 4°) from the film plane, which prevents 288 

multidomain formation. The single standard deviation uncertainty of the lock-in harmonic 289 

Hall voltage measurements is ±0.15 µV. Corresponding error bars are included in the figures. 290 

In most cases, the error bars are smaller than symbols in the figures. The SOT-induced 291 

switching experiments were done by measuring the anomalous Hall resistance using a dc 292 



15 

 

current of 100 μA after applying a current pulse of 20 μs with a fixed Bx. All measurements 293 

were carried out at room temperature. More than three samples are measured for each type of 294 

sample; data are qualitatively reproducible. 295 

Numerical Simulations. For Figs. 2a and 2b (harmonic Hall signals), we carried out 296 

macrospin simulations by solving the Landau-Lifshitz-Gilbert (LLG) equation in the presence 297 

of an external magnetic field and a spin-transfer torque from the spin Hall effect (Fig. 2a) or 298 

the anomalous Hall effect of the FM layer (Fig. 2b). For the spin-transfer torques due to the 299 

spin Hall effect, we considered both damping-like torques (DLT) and field-like torques (FLT) 300 

( 5.3/ −=DLTFLT ). For the spin-transfer torques due to the anomalous Hall effect, we 301 

adopted the theory of Ref. [15]. We used the following parameters for CoFeB: the saturation 302 

magnetization sM  = 800 kA m-1, the perpendicular anisotropy field KH0μ , = 1.15 T, the 303 

anomalous Hall conductivity 001.0−=σσ AH , the spin polarization of longitudinal transport 304 

56.0=β  and the anomalous Hall effect 7.0=ζ , the spin mixing conductances =↑↓]Re[G305 

14109.3 × Ω-1m-2, 141039.0]Im[ ×=↑↓G  Ω-1m-2, and the spin diffusion length nm5.5=F
sdl . 306 

The in-plane external magnetic field has an out-of-plane tilt angle of 3° from the film plane.  307 

For Fig. 3a (loop-shift field ΔBS versus dc current), we numerically solved the LLG equation 308 

including a spin torque [~ )( σmm ×× ] for a semi-one dimensional system that is discretized 309 

only along the current direction. We used the following parameters for the simulations: sM  310 

= 1000 kA m-1, the exchange stiffness constant Aex = 1.6×10-11 J m-1, the Gilbert damping 311 

constant = 0.05, the effective spin Hall angle = -0.014, the perpendicular anisotropy KU = 312 

1×106 J m-3, the unit cell size = 4 nm × 400 nm × 1.2 nm, and the number of cells along the 313 

current direction = 100. 314 
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Figure captions 339 

Figure 1| Spin-orbit torques in ferromagnet (FM)/Ti/CoFeB/MgO samples (FM = 340 

CoFeB or NiFe). a, Schematics of the FM/Ti/CoFeB/MgO layer (left) and spin-orbit torque 341 

measurement in Hall bar structure (right). Ix is the in-plane current and φ is the azimuthal 342 

angle. φ = 0o (90o) for the in-plane magnetic field Bx (By). b-e, The 2nd harmonic signal V2ω 343 

for the Ta(3 nm)/CoFeB/MgO (b), Ti(3 nm)/CoFeB/MgO (c), CoFeB(4 nm)/Ti(3 344 

nm)/CoFeB/MgO (d), and NiFe(4 nm)/Ti(3 nm)/CoFeB/MgO (e) samples. The insets show 345 

the 1st harmonic signals V1ω  with an ac current Iac. f-i, The switching experiment under Bx for 346 

the Ta(3 nm)/CoFeB/MgO (f), Ti(3 nm)/CoFeB/MgO (g), CoFeB(4 nm)/Ti(3 347 

nm)/CoFeB/MgO (h), and NiFe(4 nm)/Ti(3 nm)/CoFeB/MgO (i) samples. The magnetization 348 

direction of the top CoFeB layer is monitored by measuring the anomalous Hall resistance Rxy 349 

while sweeping a pulsed current Ipulse. Blue and red dotted arrows indicate the switching 350 

direction. Error bars, many smaller than the symbols, indicate single standard deviation 351 

uncertainties. The anomalous Nernst contribution to the 2nd harmonic voltage, induced by the 352 

bottom in-plane FM layer, has been removed in Figs. 1d and 1e (Supplementary Note 3). 353 

Figure 2 | Azimuthal angle-dependent V2ω in the CoFeB(4 nm)/Ti (3 nm)/CoFeB/MgO-354 

sample. a,b, Macrospin modelling results of V2ω for the bulk spin Hall effect (σ = y) (a) and 355 

the anomalous Hall effect of bulk FM layer (b), as a function of the azimuthal angle φ. c,d, 356 

Experimentally measured results of V2ω for the Ta(3 nm)/CoFeB/MgO sample (c) and 357 

CoFeB(4 nm)/Ti(3 nm)/CoFeB/MgO sample (d), as a function of the azimuthal angle φ.  358 

 359 

  360 
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Figure 3 | The spin-z component of spin currents. a, Micromagnetic simulation results of 361 

the loop-shift field ΔBS versus d.c current density for cases of the interface-generated spin 362 

current (σ = y + δ z where δ is the ratio of the spin-z component to the spin-y component; 363 

square symbols) and of the bulk spin Hall effect (σ = y; open circular symbols). The 364 

horizontal axis is normalized by Jc0, which is the threshold switching current density for spin 365 

currents with only spin-z component. The loop-shift field ΔBS is defined as the difference in 366 

the centres of the hysteresis loop for an in-plane dc current +Idc and -Idc. We note that Bx is 367 

zero (20 mT) for case of the interface-generated spin current (bulk spin Hall effect). b, 368 

Experimental measurements of Rxy versus Bz curves: (top panel) Idc of ±3 mA, (middle panel), 369 

Idc of ±8 mA and magnetization of the bottom CoFeB layer (M) // +x direction, and (bottom 370 

panel) Idc of ±8 mA and M // −x. c, Experimental ΔBS versus Idc. Blue (red) square symbols 371 

represent the results for M // +x (−x) of the CoFeB/Ti sample when Bx = 0. Black open 372 

circular symbols are of the Ta sample under Bx =10 mT. Down arrows in a and c represent 373 

threshold d.c. currents above which ΔBS abruptly changes. d,e, Experimental spin-orbit 374 

torque switching in the CoFeB(4 nm)/Ti(3 nm)/CoFeB/MgO sample without an external 375 

magnetic field for M // +x (d) and M // −x (e). Error bars indicate single standard deviation 376 

uncertainties. 377 

 378 
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Note 1. Theoretical background of interface-generated spin currents 

In heavy metal/ferromagnetic bilayers, spin-orbit torques are typically separated into two 

categories: those that arise from the spin Hall effect [S1, S2] and those that arise from the 

Rashba-Edelstein effect [S3, S4]. In the presence of an in-plane electric field, the spin Hall 

effect generates a spin current in the heavy metal that flows out-of-plane and exerts a spin 

transfer torque on the ferromagnetic layer. In the same geometry, the Rashba-Edelstein effect 

generates a spin accumulation carried by a two-dimensional electron gas trapped at the 

interface; this spin accumulation exerts a torque directly on the ferromagnetic layer via the 

exchange interaction. In this work, we experimentally demonstrate a third possibility, in which 

the interface between the heavy metal and the ferromagnet generates a spin current through a 

process physically distinct from the spin Hall or Rashba-Edelstein effects.  

The most important characteristic of this interface-generated spin current is that it exerts spin-

orbit torques not bound by the same symmetry constraints as the other known mechanisms. 

While this spin current exerts a spin torque on the ferromagnetic layer of a heavy 

metal/ferromagnetic bilayer, it is difficult to experimentally distinguish this torque from the 

other torques caused by the spin Hall and Rashba-Edelstein mechanisms. To circumvent this 

difficulty, we investigate torques in ferromagnet (FM1)/nonmagnet/ferromagnet (FM2) spin 

valves driven by an in-plane electric field. In this scheme, the interface between a fixed 

ferromagnetic layer (FM1) and the nonmagnet generates a spin current while the other 

ferromagnetic layer (FM2) receives the resulting spin torque. 

The interface-generated spin current arises from a combination of two processes [S5, S6]. First, 

the in-plane electric field creates a non-equilibrium occupation of carriers that is anisotropic in 

carrier momentum. Second, as carriers scatter off the interface, they undergo momentum-

dependent spin filtering and momentum-dependent spin precession while interacting with the 

interfacial spin-orbit field. The combination of these two processes (anisotropic occupation and 

spin-orbit scattering) results in a net spin current. 

Spin-orbit filtering currents occur because carriers with spins that are parallel or antiparallel to 

the interfacial spin-orbit field have different reflection and transmission probabilities. Thus, an 

incoming current of unpolarized carriers becomes spin polarized upon reflection and 

transmission. This process is easiest to understand in nonmagnetic bilayers, in which an 

arbitrary quantization axis can be chosen for each incoming state. However, the effect persists 



even if the incoming states are spin-split, as is the case if one of the layers is ferromagnetic. 

After summing over the relevant states, the scattered carriers have a net spin polarization along 

the 𝒇 = 𝒛 × 𝑬  direction, where 𝒛  is the interface normal. This polarization direction is 

identical to that of the spin Hall current and the spin accumulation caused by the Rashba-

Edelstein effect. 

Spin-orbit precession currents occur because carriers precess about the axes aligned with the 

spin-orbit fields while scattering off the interface. In this case, incoming carriers will change 

their spin orientation upon scattering, but if the incoming current is unpolarized then the 

scattered current also remains unpolarized. However, if the incoming current from at least one 

of the layers is spin polarized, then the reflected and transmitted carriers change their spin 

orientation and remain spin polarized upon scattering. Thus, the spin-orbit precession current 

only occurs if one of the two layers is ferromagnetic. The spin-orbit precession current is 

proportional to the polarization (P) of the ferromagnetic layer and has a net spin polarization 

aligned along the 𝒎 × 𝒇 direction.   

The total interface-generated spin current results from a combination of spin-orbit filtering and 

spin-orbit precession and has the following form: 

𝒋 = 𝑗𝑓𝒇 + 𝑗𝑝𝑃𝒎 × 𝒇,      (S1) 

where 𝑗𝑓 and 𝑗𝑝 give the strengths of the spin-orbit filtering current and spin-orbit precession 

current, respectively. The spin current is expressed as a vector which points along the direction 

of spin polarization, and the flow direction is assumed to be out of plane (𝑧). The magnitudes 

of both 𝑗𝑓 and 𝑗𝑝 are magnetization-independent in the model introduced in Refs. [S5, S6] 

when the interfacial exchange interaction vanishes, but can be magnetization-dependent for 

more complicated models. 

Spin currents that have out-of-plane spin polarizations are highly desirable for efficiently 

switching perpendicularly-magnetized ferromagnetic layers. As can be seen from Eqn. (S1), 

the spin-orbit precession current carries an out-of-plane spin polarization when the 

magnetization has an in-plane component. For example, if the magnetization and the electric 

field both point along 𝒙, then the spin polarization of the spin-orbit precession current points 

along 𝒎 × (𝒛 × 𝑬) = 𝒛. The strength and sign of this spin current are determined by details 

of the electronic structures of each layer and by interfacial properties [S5, S6]. The anomalous 



Hall effect can generate a spin current that flows out-of-plane and has an out-of-plane spin 

polarization, but only if the magnetization also has an out-of-plane component [S7]. In contrast, 

the spin-orbit precession current naturally has the desired orientation at interfaces between 

nonmagnets and ferromagnets with in-plane anisotropy. To incite switching of perpendicular 

layers thus requires a FM1/NM/FM2 trilayer, in which the first ferromagnetic layer (FM1) is 

in-plane and fixed while the second ferromagnetic layer (FM2) is out-of-plane and free to 

switch. 

To derive the interface-generated spin current, we use the formalism developed in [S6]. In that 

paper, both the nonmagnet and ferromagnet are modeled as spin-polarized free electron gases 

with identical, spin-independent, spherical Fermi surfaces. The nonequilibrium occupation of 

carriers incident to the interface is polarized in the ferromagnet and unpolarized in the 

nonmagnet. We treat the scattering potential as a delta function in z that has the following form:  

𝑉(𝒓) =
ℏ2𝑘𝐹

𝑚
𝛿(𝑧)(𝑢0 + 𝑢𝑅𝝈 ∙ (𝒌̂ × 𝒛̂)).     (S2) 

Here 𝑢0 is the strength of a spin-independent barrier, 𝑢𝑅 is the scaled Rashba parameter, 𝝈 

is the Pauli vector, 𝒌̂ is a unit vector pointing along the incident momentum, and 𝛿(𝑧) is the 

delta function. Note that in comparison to the scattering potential used in [S6], we have 

removed the interfacial exchange interaction 𝑢𝑒𝑥  because doing so greatly simplifies the 

calculation. Although adding an interfacial exchange interaction and making the Fermi surfaces 

in the ferromagnet spin-dependent does change the form of the interface-generated spin current, 

it does not qualitatively alter the result needed for the experimental analysis of this paper. 

We begin with the expression for the spin current just within the nonmagnetic metal (𝑧 = 0−), 

as given by Eqn. (B20) in [S6]: 

𝑗𝜎 =
𝑒

ℏ
(

𝑣𝐹

2𝜋
)

3

𝐸 ∫ d𝑘̅𝑥d𝑘̅𝑦 𝑘̅𝑥[𝜏𝐹𝑀𝑃𝑇(𝒌)𝜎𝜎′𝑚𝜎′ + (𝜏𝑁𝑀 − 𝜏𝐹𝑀)𝑇(𝒌)𝜎𝑐].    (S3) 

Note that the equation produced here is equivalent to Eqn. (B20) in [S6] but is rewritten for the 

purposes of this calculation. Here 𝐸 is the electric field (assumed to point along the 𝑥-axis), 

𝑣𝐹  is the Fermi velocity, 𝜏𝑁𝑀/𝐹𝑀  is the momentum relaxation time of the 

nonmagnet/ferromagnet, 𝑃  is the polarization of the ferromagnet, and 𝑚𝜎′  are the 

components of the magnetization of the ferromagnet. The notation 𝑘̅𝑖 ≡ 𝑘𝑖/𝑘𝐹  applies for 𝑖 ∈

[𝑥, 𝑦, 𝑧], where 𝑘𝐹 is the Fermi momentum. The subscript 𝜎 runs along the three components 



of spin polarization, and can be treated in any reference frame that is convenient. The tensors 

𝑇𝜎𝑐  and 𝑇𝜎𝜎′  are functions of the reflection and transmission coefficients at the interface, 

defined as follows 

𝑇(𝒌)𝜎𝑐 =
1

2
tr[𝑡(𝒌)†𝜎𝜎𝑡(𝒌)],       (S4) 

𝑇(𝒌)𝜎𝜎′ =
1

2
tr[𝑡(𝒌)†𝜎𝜎𝑡(𝒌)𝜎𝜎′].    (S5) 

The matrices 𝑡  are the 2×2 k-dependent transmission matrices, which relate the incoming 

spinor to the outgoing spinor at each k point, 

𝑡(𝒌) = (
𝑡↑(𝒌) 0

0 𝑡↓(𝒌)
),     (S6) 

𝑡↑/↓(𝒌) =
𝑖𝑘̅𝑧

𝑖𝑘̅𝑧−(𝑢0±𝑢𝑒𝑓𝑓(𝒌))
,     (S7) 

where 𝑢𝑒𝑓𝑓(𝒌)𝒖̂(𝒌) = 𝑢𝑅𝒌̂ × 𝒛̂. Note that the matrix 𝑡(𝒌) is only diagonal when the spin 

quantization axis is aligned with 𝒖̂(𝒌). If a different quantization axis is used, the matrix has 

off-diagonal elements that correspond to the spin-flip amplitudes. 

The interface-generated spin current can be separated into two parts, 

𝑗𝜎 = 𝑗𝜎
𝐼 + 𝑗𝜎

𝐼𝐼,      (S8) 

𝑗𝜎
𝐼 = 𝐶(𝜏𝑁𝑀 − 𝜏𝐹𝑀) ∫ d𝑘̅𝑥d𝑘̅𝑦 𝑘̅𝑥𝑇(𝒌)𝜎𝑐,   (S9) 

𝑗𝜎
𝐼𝐼 = 𝐶𝜏𝐹𝑀𝑃 ∫ d𝑘̅𝑥d𝑘̅𝑦 𝑘̅𝑥𝑇(𝒌)𝜎𝜎′𝑚𝜎′,    (S10) 

where 𝐶 ≡ 𝑒𝐸𝑣𝐹
3/ℏ(2𝜋)3 . The first part 𝑗𝜎

𝐼   is the spin-orbit filtering current that points 

along 𝒇 = 𝒚. The second part 𝑗𝜎
𝐼𝐼 is the spin-orbit precession current that points along 𝒎 ×

𝒚. Since the spin-orbit precession current is proportional to the polarization, it vanishes unless 

one of the layers is ferromagnet. 

First, we show that the spin-orbit filtering current points along 𝒚. Substituting the definition 

of the scattering tensors, we have: 

𝑗𝜎
𝐼 =

𝐶

2
(𝜏𝑁𝑀 − 𝜏𝐹𝑀) ∫ d𝑘̅𝑥d𝑘̅𝑦 𝑘̅𝑥tr[𝑡(𝒌)†𝜎𝜎𝑡(𝒌)].      (S11) 

Since 𝑡(𝒌) is a diagonal matrix for a spin quantization axis along 𝒖̂(𝒌), we may evaluate the 

trace in the rotated reference frame 𝜎 ∈ [𝑥′, 𝑦′, 𝑧′] in which 𝑧′ points along 𝒖̂(𝒌), and then 



rotate back to the reference frame aligned with the interface (𝜎 ∈ [𝑥, 𝑦, 𝑧]). This gives: 

𝑗𝜎
𝐼 =

𝐶

2
(𝜏𝑁𝑀 − 𝜏𝐹𝑀) ∫ d𝑘̅𝑥d𝑘̅𝑦 𝑘̅𝑥 (|𝑡↑(𝒌)|

2
− |𝑡↓(𝒌)|

2
) 𝑢̂𝜎(𝒌).   (S12) 

Substituting the expressions for the transmission amplitudes gives 

𝑗𝜎
𝐼 =

𝐶

2
(𝜏𝑁𝑀 − 𝜏𝐹𝑀) ∫ d𝑘̅𝑥d𝑘̅𝑦 𝑘̅𝑥 (

𝑘̅𝑧
2

𝑘̅𝑧
2

+𝑢↑(𝒌)2
−

𝑘̅𝑧
2

𝑘̅𝑧
2

+𝑢↓(𝒌)2
) 𝑢̂𝜎(𝒌),   (S13) 

where for convenience we define 𝑢↑/↓(𝒌) ≡ 𝑢0 ± 𝑢𝑒𝑓𝑓(𝒌) . Switching to polar coordinates 

(𝑘̅𝑥 = 𝑟cos(𝜙), 𝑘̅𝑦 = 𝑟sin(𝜙), 𝑘̅𝑧 = √1 − 𝑟2), we may write 

𝑗𝜎
𝐼 =

𝐶

2
(𝜏𝑁𝑀 − 𝜏𝐹𝑀) ∫ d𝑟d𝜙 𝑟2cos(𝜙) (

1 − 𝑟2

1 − 𝑟2 + (𝑢0 + 𝑢𝑅𝑟)2
−

1 − 𝑟2

1 − 𝑟2 + (𝑢0 − 𝑢𝑅𝑟)2
)

× (𝛿𝜎𝑥sin(𝜙) − 𝛿𝜎𝑦cos(𝜙)) 

        =
𝐶

2
(𝜏𝑁𝑀 − 𝜏𝐹𝑀) ∫ d𝜙 (𝛿𝜎𝑥cos(𝜙)sin(𝜙) − 𝛿𝜎𝑦cos2(𝜙))

2𝜋

0
∫ d𝑟𝑓(𝑟)

1

0
 ,         

(S14) 

where 𝑓(𝑟)  gives the 𝑟 -dependence of the integrand. Note that 𝑢̂𝜎(𝒌) = 𝛿𝜎𝑥sin(𝜙) −

𝛿𝜎𝑦cos(𝜙). Performing the integral in 𝜙 we arrive at our result, 

𝑗𝜎
𝐼 =

𝐶

2
(𝜏𝑁𝑀 − 𝜏𝐹𝑀)(−𝛿𝜎𝑦𝜋) ∫ d𝑟𝑓(𝑟)

1

0
.   (S15) 

Computing the integral of 𝑓(𝑟) gives the dependence of 𝑗𝜎
𝐼  on the scattering parameters 𝑢0 

and 𝑢𝑅, which is not required if only the direction of spin polarization is desired. The final 

expression for 𝑗𝜎
𝐼  is proportional to 𝛿𝜎𝑦, which shows that the spin-orbit filtering current is 

polarized along y. 

Second, we show that the spin-orbit precession current points along 𝒎 × 𝒚 . In polar 

coordinates we may write 𝑗𝜎
𝐼𝐼 as 

𝑗𝜎
𝐼𝐼 =

𝐶

2
𝜏𝐹𝑀𝑃 ∫ d𝑟d𝜙 𝑟2cos(𝜙)𝑇(𝑟, 𝜙)𝜎𝜎′𝑚𝜎′,         (S16) 

where one can show that 



𝑇(𝑟, 𝜙)𝜎𝜎′ → 𝑆(𝜙) (

Re[𝑡̅(𝑟)] −Im[𝑡̅(𝑟)] 0

Im[𝑡̅(𝑟)] Re[𝑡̅(𝑟)] 0

0 0 |𝑡↑(𝑟)|
2

+ |𝑡↓(𝑟)|
2

) 𝑆(𝜙)†,    (S17) 

where 

𝑡̅(𝑟) ≡ 2𝑡↑(𝑟)𝑡↓(𝑟)∗,     (S18) 

𝑆(𝜙) ≡ (
cos(𝜙) 0 sin(𝜙)
sin(𝜙) 0 −cos(𝜙)

0 1 0

).    (S19) 

The part of the integral containing 𝜙 can be evaluated 

∫ d𝜙 cos(𝜙)𝑇(𝑟, 𝜙)𝜎𝜎′ = 𝜋Im[𝑡̅(𝑟)]𝜖𝜎𝜎′𝑦 → πIm[𝑡̅(𝑟)] (
0 0 −1
0 0 0
1 0 0

),   (S20) 

giving the final result: 

𝑗𝜎
𝐼𝐼 =

𝐶

2
𝜏𝐹𝑀𝑃𝜋𝜖𝜎𝜎′𝑦𝑚𝜎′ ∫ d𝑟 𝑟2Im[𝑡̅(𝑟)].   (S21) 

The final expression is proportional to 𝜖𝜎𝜎′𝑦𝑚𝜎′ → 𝒎 × 𝒚, which shows that the spin-orbit 

precession current is polarized along 𝒎 × 𝒚. 

The term ‘spin-orbit filtering’ arises from the fact that 𝑗𝜎
𝐼   is proportional to |𝑡↑(𝒌)|

2
−

|𝑡↓(𝒌)|
2
  for each 𝒌 -vector, so if the transmission probabilities for spins parallel and 

antiparallel to 𝒖̂(𝒌) differ, a nonvanishing spin current results. This is satisfied when there is 

interfacial spin-orbit coupling 𝑢𝑅 and a spin-independent barrier 𝑢0, so that 𝑡↑(𝒌) ≠ 𝑡↓(𝒌). 

Incident spins may not actually be parallel and antiparallel to 𝒖̂(𝒌), but the result is the same 

regardless of what quantization axis is chosen. After summing over all 𝑘-states, the net spin 

polarization points along 𝒚. 

The term ‘spin-orbit precession’ arises because 𝑗𝜎
𝐼𝐼  is proportional to the tensor 𝑇(𝒌)𝜎𝜎′ , 

which rotates the vector it is contracted with (in this case 𝑚𝜎′ →  𝒎) about the spin-orbit field 

for each 𝒌-vector. This can be interpreted as follows: for each 𝒌-vector the incoming carriers 

from the ferromagnetic layer have spins that are parallel (minority carriers) or antiparallel 

(majority carriers) with the magnetization 𝒎, and after scattering they each rotate about the 

𝑘-dependent spin-orbit field they see at the interface. After summing over all 𝑘-states, the net 



spin polarization points along 𝒎 × 𝒚. 

  



Note 2. Possible reasons of negligible spin-orbit torque in the Ti sample 

Figures 1c and g of the main text show that the spin-orbit torque is negligible in the Ti sample, 

which has an Ti/CoFeB(perpendicular) interface. As the CoFeB(in-plane)/Ti sample shows a 

sizable spin-orbit torque in our experiment, this negligible spin-orbit torque in the Ti sample 

demands explanation. We can suggest three possibilities.  

The first is that spin currents and torques generated at the interface depend on the magnetization 

direction. The bottom ferromagnetic layer has an in-plane magnetization while the top layer 

has an out-of-plane magnetization. This means that the top interface could generate a different 

torque than the bottom layer owing to the magnetization dependence. As the top CoFeB layer 

is perpendicular magnetized, an interface-generated spin current carries a spin polarization in 

the x-direction (= xyzym  ). Combined with a possible spin Hall contribution (i.e., spin 

polarization in the y-direction), this additional contribution tilts the spin polarization in the 

plane. This in-plane tilt of spin polarization is difficult to distinguish from the effect of a 

fieldlike torque on the 2nd harmonic signal, especially when its magnitude is small. 

The second is that interface-generated spin currents are not the same on each side of the 

interface.  At a CoFeB/Ti interface, the interface-generated spin current flowing into Ti is 

different than the spin current flowing into CoFeB. The former spin current exerts a torque on 

the other ferromagnet on the other side of the Ti while the latter spin current exerts a torque on 

the CoFeB layer itself. Since these spin currents can be different, we must assume that the 

torques they exert could be different as well. To predict the relative magnitude of these currents 

requires further theoretical work that is beyond the scope of this work. 

As a final point, we note that other measurements we have made on the interfaces suggest a 

significant structural difference between the two interfaces. To examine the difference between 

the Ti/CoFeB and CoFeB/Ti interfaces, we measure the magnetization of the 

substrate/Ti/CoFeB (Fig. S1a) and substrate/CoFeB/Ti structures (Fig. S1b) as a function of 

CoFeB thickness tCoFeB. From the magnetic moment vs tCoFeB data (Fig. S1c), the magnetic dead 

layer is extracted to be ~0.4 nm (0.1 nm) for Ti/CoFeB (CoFeB/Ti) interface. This demonstrates 

a sizable magnetic dead layer when the CoFeB layer is deposited on top of Ti layer whereas 

the magnetic dead layer is negligible for the inverted structure. This could be a reason for the 

small spin-orbit torques in the Ti/CoFeB/MgO samples (Fig. 1c,g). Such a magnetic dead layer 

can be modeled by a spin-independent potential barrier at the interface. In the presence of the 



thicker barrier, the simple theoretical model introduced in this paper predicts a drastic reduction 

in the interface-generated spin current that could account for the vanishing torque. 

 

Figure S1| Measurement of magnetic dead layer at Ti/CoFeB and CoFeB/Ti interfaces. 

a,b, Magnetic moment versus CoFeB thickness (tCoFeB) for Ti/CoFeB (a) and CoFeB/Ti (b) 

structures. c, Summary of tCoFeB-dependent of magnetic moment for two structures. 



Note 3. Thermal artefact in the second harmonic Hall voltage measurement 

Figures S2a, b show raw data of the first (V1ω) and second (V2ω) harmonic Hall voltages for the 

CoFeB/Ti/CoFeB/MgO sample. We observe an abrupt jump in V2ω for B=Bx, which we attribute 

to the anomalous Nernst effect (ANE) originating from the bottom CoFeB with an in-plane 

magnetization; The Hall voltage in the y-direction is generated by a temperature gradient along 

the z-direction when there is an x-component of the magnetization. To verify this, we performed 

the harmonic Hall measurement for a Ti(2)/CoFeB(4)/Ti(4)/MgO structure, in which the top 

CoFeB layer with perpendicular magnetic anisotropy is absent. The V2ω of the sample shows 

the jump for B=Bx, which is identical to that of Fig. S2b. As the V2ω originating from the ANE 

effect is irrelevant to the spin-orbit torque, we eliminate this from the raw data when the spin-

orbit torque of the sample is analyzed (Fig. 1d of the main text). Figures S3a, b show raw data 

of the NiFe/Ti/CoFeB/MgO sample, in which a similar thermal voltage in V2ω is also observed 

(Figs. S3c, d).  

 

Figure S2| Raw data of the harmonic measurement for Ti(2 nm)/CoFeB(4 nm)/Ti(3 

nm)/CoFeB(1 nm)/MgO and Ti(2 nm)/CoFeB(4 nm)/Ti(4 nm)/MgO samples. a,b, The first 

harmonic signal (V1) (a) and second harmonic signal (V2) (b) for the CoFeB/Ti/CoFeB/MgO 

structure. c,d, V1 (c) and V2 (d) for the CoFeB/Ti/MgO structure. The measurements are done 

with an a.c. current of 2 mA. 



 

Figure S3| Raw data of the harmonic measurement for Ti(2 nm)/NiFe(4 nm)/Ti(3 

nm)/CoFeB(1.4 nm)/MgO and Ti(2 nm)/NiFe(4 nm)/Ti(4 nm)/MgO samples. a,b, The first 

harmonic signal (V1) (a) and second harmonic signal (V2) (b) for the NiFe/Ti/CoFeB/MgO 

structure. c,d, V1 (c) and V2 (d) for the NiFe/Ti/MgO structure. The measurements are done 

with an a.c. current of 2 mA. 

 

  



Note 4. Extraction of effective spin Hall angle  

We estimate the effective spin Hall angles of the samples using the relation of 𝜃SH,eff =

2𝑒𝑀𝑠𝑡𝐹𝐵D/ℏ|𝑗𝑒| [S8], where e is the electron charge, 𝑀𝑠 is the saturation magnetization, 𝑡𝐹 

is the ferromagnet thickness, 𝐵D  is the effective damping-like spin-orbit field, ℏ  is the 

reduced Planck constant, and 𝑗𝑒 is the charge current density. 𝐵D of each sample is extracted 

from the harmonic Hall measurements for a low field regime as shown in Fig. S4 [S9]. We 

obtain 𝐵D of -22.0±1.0 mT for the Ta sample, -6.5±0.6 mT for the CoFeB/Ti sample, and 

+2.0±0.2 mT for the NiFe/Ti sample at a current density of 108A/cm2. We obtain effective spin 

Hall angles of -0.048±0.002 for the Ta sample, -0.014±0.001 for the CoFeB/Ti sample, and 

+0.006±0.0006 for the NiFe/Ti sample. 

 

Figure S4| Estimation of effective damping-like spin-orbit field (BD). a,b, First and second 

harmonic signals for Ta/CoFeB/MgO, c,d, for CoFeB/Ti/CoFeB/MgO and e,f, for 

Ti/NiFe/Ti/CoFeB/MgO samples. Error bars indicate single standard deviation uncertainties. 

  



Note 5. Anisotropic magnetoresistance and anomalous Hall resistance of CoFeB and NiFe 

layers 

We measured anisotropic magnetoresistance (AMR) and anomalous Hall resistance (AHE) of 

a single ferromagnetic layer of CoFeB (4 nm) and NiFe (4 nm). Note that all samples were 

covered by a capping layer of MgO(1.6 nm)/Ta(2 nm) to prevent oxidation. AMR is measured 

by rotating the sample in the film plane with an in-plane magnetic field of 0.3 T. Figure S5a 

show the AMR of CoFeB and NiFe single layers as a function of the azimuthal angle α, 

demonstrating that the signs are identical for the CoFeB and NiFe samples. On the other hand, 

the AHE of the samples measured with out-of-plane field Bz shows opposite sign: positive for 

CoFeB and negative for NiFe (Fig. S5b). This sign difference in the AHE is consistent with a 

previous calculation [S10], where Fe and Co show positive anomalous Hall conductivities 

whereas Ni shows a negative anomalous Hall conductivity.  

 

Figure S5| Anisotropic magnetoresistance (AMR) and anomalous Hall resistance (AHE) 

of CoFeB(4 nm) and NiFe(4 nm) single layer samples. a, AMR of CoFeB (blue symbols) 

and NiFe (red symbols). b, AHE of CoFeB (blue symbols) and NiFe (red symbols) structures. 

 is defined as an angle with respect to the current direction.  

 



Note 6. Azimuthal angle-dependence of V2ω for NiFe/Ti/CoFeB/MgO sample 

Figure S6 shows the second harmonic signals (V2ω) measured with in-plane magnetic fields of 

various azimuthal angles for the NiFe/Ti/CoFeB/MgO sample. This demonstrates a similar 

angular dependence as the Ta sample and the CoFeB/Ti samples (Figs. 3c,d of the main text), 

but of the opposite sign. 

 

Figure S6| Azimuthal angle-dependence of V2ω for Ti(2 nm)/NiFe(4 nm)/Ti(3 

nm)/CoFeB(1.4 nm)/MgO sample.  = 0° (90°) is for B=Bx (By) representing damping (field)-

like spin-orbit torque.  

  



Note 7. The sign of spin-orbit torque in CoFeB/NiFe/Ti/CoFeB/MgO and 

NiFe/CoFeB/Ti/CoFeB/MgO samples 

We also carry out additional experiments to check if the unconventional spin current is of bulk 

or interface origin. While not definitive, they are instructive, at least. For this purpose, we 

fabricate substrate/CoFeB (3 nm)/NiFe (1 nm)/Ti (3 nm)/perpendicular CoFeB/MgO and 

substrate/NiFe (3 nm)/CoFeB (1 nm)/Ti (3 nm)/perpendicular CoFeB/MgO samples and 

measure harmonic signals and spin-orbit torque switching. Compared to the CoFeB/Ti and 

NiFe/Ti samples shown in the main text (Fig. 1), we insert 1 nm thick NiFe or CoFeB layer 

between the in-plane FM layer and the Ti layer. As shown in Fig. S7, we find that the sign of 

spin-orbit torque is determined by the thinner (1 nm) inserted layer rather than the thicker (3 

nm) bottom FM layer. This observation suggests that the unconventional spin current originates 

from the interface as the spin diffusion length of the FM is known to be longer than 1 nm [S11]. 

 

Figure S7| The sign of spin-orbit torque in CoFeB/NiFe/Ti/CoFeB(perpendicular)/MgO 

(a, b, c) and NiFe/CoFeB/Ti/CoFeB(perpendicular)/MgO samples (d, e, f). First harmonic 

signals (a, d), second harmonic signals (b, e), spin-orbit torque switching data under Bx=10 mT 

(c, f). 

 



Note 8. The magnetization curves for various dc currents in Ta/CoFeB/MgO structure 

We measured the anomalous Hall signal Rxy of the Ta/CoFeB/MgO sample for various d.c. 

currents in the presence of an in-plane magnetic field (Bx) of 10 mT. Figure S8 shows that the 

hysteresis loop shifts in the positive (negative) Bz direction for negative (positive) d.c. current 

and the magnitude of the shift increases with the d.c. current. The differences in the centers of 

the hysteresis loops measured with +Idc and -Idc are plotted in Fig. 3c of the main text. We note 

that the loop shift is obtained only when Bx is non-zero in Ta/CoFeB/MgO sample. 

 

Figure S8| Anomalous Hall resistance Rxy versus Bz curves with various d.c. currents in 

the presence of Bx for the Ta/CoFeB/MgO sample. The d.c. current ranges from 0.1 mA to 2 

mA and Bx = +10 mT.  
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