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Note 1: Structural characterization of Q-2DEG
X-ray diffraction and HAADF-STEM image confirmed the lattice structure and high crystalline quality of the commercial SrTiO3 (001) substrate (Figs. S1a-S1c). Subsequently, an atomically stepped surface of non-miscut SrTiO3 (001) substrate was obtained (Fig. S1d) through BOE etching and annealing. Finally, the samples were bombarded for 10 minutes with a Kaufman-type Ar+ beam while being continuously rotated and positioned within the uniform ion-flux region. After Ar+ bombardment, the surface remains flat with a surface roughness (Rq) ranging from 0.16 to 0.32 nm (Fig. S1e). By adjusting the bombardment power from 200 eV to 450 eV in 50 eV intervals, a series of Q-2DEG samples with different thicknesses and resistivity can be obtained. The thickness of the Q-2DEG can be obtained via the formula1  (unit: Å), where E is the energy in eV, W is the atomic weight of the target (expressed in atomic mass units), and ρ is the target density, Zi,t are the atomic numbers of the ion and target, respectively. By simplification, we obtain the formula T = 0.47E2/3. The Q-2DEG thicknesses bombarded at 300 eV and 250 eV were calibrated to be 2.07 nm and 1.88 nm by HRTEM (Fig. 2a and S2b), in good agreement with the calculated values of 2.1 nm and 1.9 nm derived from the above equation. Figure S2b depicts the relationship between resistivity and bombardment power. With the bombardment power increasing from 250 eV to 450 eV, the resistivity first decreases and then increases, reaching the minimum value at 300 eV, consistent with the literature1. In the subsequent characterization of Q-2DEGs, we will take the samples fabricated under bombardment powers of 300 eV as the primary research objects.
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Fig. S1. Structural and morphological characterization during the Q-2DEG preparation process. (a) XRD characterization of the STO (001) substrate. (b) Rocking curve of the (002) peak of the STO (001) substrate. (c) Cross-sectional HAADF-STEM image of the sample fabricated under a bombardment power of 300 eV, with the inset showing the Fast Fourier Transform (FFT) result of the HAADF image. (d) Surface atomic step terrace formed on the STO (001) substrate after acid cleaning and annealing. (e) Surface morphology of the STO (001) substrate after Ar+ bombardment.
[image: ]
Fig. S2. Characterization of Thickness and Resistivity of Q-2DEG. (a) The HR-TEM of Q-2DEG fabricated under 250 eV bombardment power. The inset shows the profile of the blue box. (b) resistivity of samples prepared at different bombardment powers.
Note 2: Transport characterization of Q-2DEG
[bookmark: OLE_LINK3]We characterized the transport properties of Q-2DEG using the van der Pauw measurement method. The sample was bonded to a chip carrier with silver paste to ensure small contact areas and peripheral positioning. The four contacts are labeled 1 to 4, respectively. The resistance R12,34 is defined as , where the current I12 flows from contact 1 to 2,  denotes the potential difference between contacts 3 and 4. R23,41 is defined analogously, and the resistivity is given by , where t is the sample thickness, F is a function of the ratio , satisfying . Using the van der Pauw technique, we measured the temperature-dependent resistivity of Q-2DEG samples. Figs. 2a and S3a present ρ–T for samples bombarded at 300 eV and 250 eV, with residual resistance ratios RRR = R(300 K)/R(2 K) of 558.5 and 1435.8, respectively. In both cases, the resistivity decreases with temperature and follows a power law  with α > 2, in full agreement with literature1. Figure 2c presents the temperature dependence of the carrier concentration n for 300 eV Ar⁺ bombardment Q-2DEG. Upon cooling, n decreases slowly at first and then rises sharply to 3.8 × 1021 cm-3 at 50 K, consistent with literature across the entire temperature range. This tendency is likely due to the activation of extra conductive channels. As shown in Fig. S3b, the n–T curve for the 250 eV bombardment sample follows the same trend, but with a carrier concentration 2–3 times lower. We conducted high-field and low-temperature measurements on the 300 eV-bombarded sample. As depicted in Fig. 2d, distinct SdH oscillations were observed at temperatures below 1 K after subtracting the background magnetoresistance, which gradually faded as the temperature increased to 3.4 K.
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Fig. S3. Transport properties of Q-2DEG fabricated by 250 eV Ar+ bombardment. (a) Temperature-dependent resistance curve of Q-2DEG fabricated by 250 eV Ar+ bombardment. (b) Temperature-dependent carrier concentration curve of Q-2DEG fabricated by 250 eV Ar+ bombardment.
Note 3: The contact characteristics of 2DEG with metals
The conduction type of metal-oxide (metal-2DEG-metal structures) was investigated via IV measurements. For surface-conducting Q-2DEG, Pt, and Co electrodes all exhibit ohmic contacts (Fig. S4a). In contrast, for STO/LAO-formed 2DEG with a surface potential barrier (Fig. S4b), the Pt and Co electrodes exhibit symmetric Schottky contacts. These results indicate that the Ar+-bombarded Q-2DEG surface readily forms an ohmic contact with the adjacent metal layer, whereas “buried” 2DEG tends to form Schottky contacts2.
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Fig. S4. The contact characteristics of 2DEG with metals. (a) IV characteristic curves of metal-Q-2DEG-metal structures, where the metallic electrodes are Co and Pt respectively. (b) IV characteristic curves of metal-STO/LAO-metal structures, where the metallic electrodes are Co and Pt respectively.
Note 4: Characterization of magnetoelectric transport properties of magnetic Q-2DEG/CoGd
Both Q-2DEG/CoGd and CoGd samples exhibit perpendicular magnetic anisotropy. Figure S5a presents temperature-dependent Hall measurements of the Q-2DEG/CoGd sample. As the temperature decreases, the coercivity first increases and then decreases, while the slope of the linear background gradually increases. The extracted temperature-dependent coercive fields HC and anomalous Hall resistances ΔRH are summarized in Figs. S5b and S5c, respectively. Both the coercive fields and anomalous Hall resistances diverge in the 40–60 K range, indicating that the sample’s compensation temperature lies within this range. Additionally, room-temperature anomalous Hall hysteresis chirality confirms that Co dominates the magnetic behavior of CoGd at room temperature.
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Fig. S5. Magnetic and transport characterizations of the perpendicular magnetized ferrimagnetic multilayer CoGd. (a) Temperature-dependent anomalous Hall hysteresis of the Q-2DEG/CoGd sample (b) Temperature-dependent coercive field of the Q-2DEG/CoGd samples. (c) Temperature-dependent anomalous Hall resistance ΔRH of the Q-2DEG/CoGd sample.
Note 5: Critical current density with the parallel current model
The parallel current model was used to calculate the Q-2DEG current density, treating the spin source layer and the magnetic layer as two parallel resistors. For the 300 eV- bombarded sample, the resistivity of Q-2DEG is determined to 1057.79 μΩ·cm, while perpendicular magnetic anisotropy (PMA) multilayer Ti (2 nm)/CoGd (4 nm)/Cu (4 nm) had a resistivity of 32.16 μΩ·cm. The current density Jc by considering the parallel circuit model can be estimated as

where Ic represents the critical switching current, ρPMA and ρ2DEG denote the resistivities of the PMA layer and the 2DEG layer, respectively; tPMA and t2DEG represent the thicknesses of the PMA layer and the 2DEG layer, respectively; and w stands for the Hall device width (20 μm).
Note 6: Current-induced magnetization switching of Q-2DEG(m)/CoGd samples
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Figure S6 presents the current-induced magnetization switching in the miscut Q-2DEG(m)/CoGd samples. As shown in Fig. S6a, the magnitude of anomalous Hall resistance for both [010] and [100]-oriented samples is ~0.6 Ω. [010]-oriented devices exhibit stable field-free magnetization switching, with polarity consistent with that of a negative external magnetic field (Fig. S6b). Reversing the applied magnetic field μ0Hx from 10 mT to -10 mT reverses the switching polarity. The extracted critical current density Jc and anomalous Hall resistance ΔRH are summarized in Fig. S6c. With increasing the magnitude of the external magnetic field, the amplitude of Jc decreases, while the amplitude of ΔRH increases. For comparison, [100]-oriented devices (Fig. S6d) do not exhibit field-free magnetization switching, and their field-assisted switching polarity matches that of [010] samples.
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Fig. S6. Current-induced perpendicular magnetization switching of the Q-2DEG(m)/CoGd samples. (a) Anomalous Hall hysteresis of the device along the [010] direction of the Q-2DEG(m)/CoGd sample. (b) Current-induced magnetization switching in [010]-oriented Q-2DEG(m)/CoGd devices under different applied in-plane magnetic fields μ0Hx. (c). Extracted dependence of anomalous Hall resistance ΔRH and critical current density Jc on the in-plane magnetic field μ0Hx. (d) Current-induced magnetization switching in [100]-oriented Q-2DEG(m)/CoGd devices under different applied in-plane magnetic fields μ0Hx.
Note 7: Current-induced magnetization switching of Q-2DEG/CoGd samples
Figure S7 presents current-induced magnetization switching in non-miscut Q-2DEG/CoGd samples. As shown in Fig. S7a, [010]-oriented devices exhibit anomalous Hall resistance similar to that of the miscut samples, but with slightly larger HC. Neither the [010] nor the [100]-oriented devices achieve field-free magnetization switching (Figs. S7b and S7d), though their field-assisted switching behavior is consistent with that of the miscut samples. It suggests that the presence of conventional spin polarization but without anomalous spin polarization in this system. Among them, the Jc of [010]-oriented non-beveled samples (Fig. S7c) are higher than that of the miscut samples, while their ΔRH are similar.
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Fig. S7. Current-induced perpendicular magnetization switching of the Q-2DEG/CoGd samples. (a) Anomalous Hall hysteresis of the device along the [010] direction of the Q-2DEG/CoGd sample. (b) Current-induced magnetization switching in [010]-oriented Q-2DEG/CoGd devices under different applied in-plane magnetic fields μ0Hx. (c). Extracted dependence of anomalous Hall resistance ΔRH and critical current density Jc on the in-plane magnetic field μ0Hx. (d) Current-induced magnetization switching in [100]-oriented Q-2DEG/CoGd devices under different applied in-plane magnetic fields μ0Hx.
Note 8: Current-induced magnetization switching of STO/CoGd, STO/LAO/CoGd and STO/CoGd/Pt samples
In Fig. S8a, the STO/CoGd sample cannot achieve magnetization switching either under field-assisted or field-free conditions. In contrast, the miscut Q-2DEG(m)/CoGd sample exhibits deterministic magnetization switching regardless of the presence of external magnetic field, while the non-miscut Q-2DEG/CoGd samples only switch under field assistance. These results indicate that high charge-spin conversion efficiency of ion-bombarded Q-2DEG and symmetry breaking induced by miscutting. “Buried-type” 2DEG (STO/LAO/CoGd, Fig. S8b) cannot switch under any conditions, demonstrating that the oxide barrier weakens the injection of spin-polarized current. STO/CoGd/Pt samples (Fig. S8c) only switch with external magnetic field assistance, with polarity consistent with that induced by Q-2DEG, indicating negative conventional spin polarization generated by 2DEG. The absence of field-free magnetization switching in CoGd/Pt samples also confirms no CoGd component gradient to break symmetry.
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Fig. S8. Current-induced perpendicular magnetization switching of STO/CoGd STO/LAO/CoGd and STO/CoGd/Pt samples.
Note 9: SOT switching of Q-2DEG(m)/[Co/Ni]5 reference samples
To confirm that the low critical switching current density originates from the high charge-spin conversion efficiency of Q-2DEG(m), we used a [Co/Ni]5 (4.25 nm) perpendicular magnetic layer (thickness close to CoGd), with saturation magnetization (MS) and uniaxial magnetic anisotropy field (Hk) 2–3 times to those of CoGd. For Q-2DEG(m)/[Co/Ni]5, the anomalous Hall hysteresis loop is shown in Fig. S9a, and current-induced magnetization switching results in Fig. S9b. The critical current density for field-free switching is 1.32×105A·cm-2, which is slightly higher than that of CoGd but much lower than typical [Co/Ni]-based systems3.
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Fig. S9. Current-induced magnetization switching in Q-2DEG(m)/[Co/Ni]5 samples with [Co/Ni]5 as the magnetic layer.
Note 10: ST-FMR analysis
When an RF current (IRF) is applied to the ST-FMR device, an RF spin current is generated in the Q-2DEG and subsequently injected into the adjacent NiFe layer. This produces oscillating SOTs acting on the magnetic moments of NiFe. Due to the anisotropic magnetoresistance (AMR) effect of NiFe, the torque-induced precession of the magnetic moments modulates the resistance of the NiFe-based bilayer. Upon application of an in-plane external magnetic field, the mixing of the RF current and oscillating resistance can be detected as a direct current (DC) voltage signal (Vmix) via a lock-in amplifier. The Vmix signal from ST-FMR measurements can be decomposed into symmetric and antisymmetric components, as described below:



Here, FS and FA denote the symmetric and antisymmetric Lorentzian functions, respectively. The amplitudes of the symmetric (VS) and antisymmetric (VA) components are proportional to the current-induced in-plane and out-of-plane torques, respectively. H0 represents the resonance magnetic field, ΔH is the resonance linewidth, and H corresponds to the external magnetic field magnitude. The ST-FMR measurement setup and device schematic are illustrated in Figs. 3a and 3b. Figure S10a shows a representative ST-FMR spectrum of the [010]-oriented sample measured at 10 GHz. Fitting to Eqs. S2–S4 allows extraction FS, FA, H0, and ΔH. Figure S10b summarizes the ST-FMR spectra at varying frequencies in a contour plot, revealing that the magnetic field at the resonance peak increases nonlinearly with frequency. The Kittel formula, given by:

can be employed to extract the gyromagnetic ratio γ and effective magnetization 4πMeff. Additionally, the damping factor α and inhomogeneous linewidth broadening ΔH0 can be extracted from the linewidth relation:

Figures S10c and S10d show the representative Kittel fitting (Eq. S5) and linewidth fitting (Eq. S6), respectively.
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Fig. S10. Frequency-dependent ST-FMR spectra of [010]-oriented Q-2DEG(m)/NiFe devices. (a) Representative ST-FMR spectra from the frequency-dependent measurements, which can be fitted by the Lorentzian VS·FS(H) and anti-Lorentzian VA·FA(H) functions. (b) Contour plot of ST-FMR spectral dependence on magnetic field μ0H and RF frequency. (c) Resonance frequency versus resonance magnetic field μ0H0, with the fitted curves from the Kittel formula. (d) Frequency dependence of resonance linewidth ΔH and its linear fitting curves.
Angle-dependent ST-FMR measurements allow us to determine the charge-spin conversion efficiency . The SOTs consist of symmetric and antisymmetric components, corresponding to damping-like and field-like torques, respectively. The symmetric components arise from: the damping-like torque M × (M × y) induced by y-polarized spins (σy); the damping-like torque M × (M × x) induced by x-polarized spins (σx); and the field-like torque z × M induced by z-polarized spins (σz). The antisymmetric components arise from: the field-like torque y × M induced by y-polarized spins (σy); the field-like torque x × M induced by x-polarized spins (σx); and the damping-like torque M × (M × z) induced by z-polarized spins (σz). These torques contribute to the symmetric (VS) and antisymmetric (VA) coefficients with distinct angle dependencies, which can be expressed as follows:


[bookmark: OLE_LINK4]Here,  and  denote the symmetric coefficients associated with the damping-like SOT driven by σy and σx, respectively, while  represents the symmetric coefficient for field-like SOT driven by σz. Conversely,  and  are the antisymmetric coefficients for the field-like SOT driven by σy and σx, respectively, and  corresponds to the antisymmetric coefficient for damping-like SOT driven by σz.
Fitting Eqs. S7–S8 yields the damping-like and field-like torque induced by the conventional spin polarization σy, and the anomalous spin polarization σz. The charge-spin conversion efficiency  can then be determined via:



Here, e, μ0, ħ, MS, tHM, tFM, and Meff represent the elementary charge, the vacuum permeability, the reduced Planck constant, the saturation magnetization of the ferromagnetic layer, the thicknesses of the heavy metal and the ferromagnetic layer, and the effective magnetization, respectively. Figure S11a shows representative ST‑FMR spectra measured at different azimuthal angles φ for a device stripe aligned along the [010] direction. At  = 0°, 90°, 180°, 270°, the resonance signals are weak due to the AMR readout term proportional to sin(2) and the symmetry suppression of the excitation torque. The full set of angle‑dependent data is summarized in the contour plot (Fig. S11b), where two maxima and two minima emerge successively as  varies from 0° to 360°. The angle-dependent symmetric and asymmetric components are extracted using Eqs. S2–S4. Subsequently, the damping-like and field-like coefficients are derived by fitting to Eqs. S7–S8 (Figs. S11c and S11d). Notably, the damping-like antisymmetric coefficient  contributed by σz is pronounced, indicating the presence of symmetry breaking in the [010]‑oriented device.
[image: ]
Fig. S11. Angle-dependent ST-FMR spectra of [010]-oriented Q-2DEG(m)/NiFe devices. (a) Representative ST-FMR spectra from the angle-dependent measurements. (b) Contour plot of ST-FMR spectral dependence on magnetic field μ0H and azimuthal angle  of magnetic field. (c) and (d) Azimuthal angle φ dependent symmetric VS and antisymmetric VA components of the ST-FMR spectra.
Figure S12 presents the ST-FMR results for devices oriented along the [100] direction. Figure S12a shows a contour plot of the frequency-dependent ST-FMR response, with the corresponding Kittel and linewidth fits displayed in Figs. S12b and S12c, respectively. Figure S12d depicts a contour plot of the angle-dependent ST-FMR spectrum, with the fits to the angle-dependent symmetric and asymmetric components are shown in Figs. S12e and S12f, respectively. Notably, the damping-like antisymmetric coefficient  contributed by σz is negligible, indicating the symmetry protection of this system.
Additionally, we characterized the charge-spin conversion efficiency of non-miscut Q-2DEG/NiFe samples along both the [010] and [100] directions. All charge-spin conversion efficiencies deduced from the aforementioned ST-FMR measurements are summarized in Table S2. All devices exhibit a large conventional charge-spin conversion efficiency, ranging from 0.21 to 0.44. The [010]-oriented device of miscut sample exhibits the highest anomalous charge-spin conversion efficiency of 0.087, whereas that of the [100]-oriented devices are nearly zero. Notably, only [010]-oriented Q-2DEG(m)/NiFe devices yield an anomalous spin polarization angle () exceeding 5°, with a measured value of 14.57°. The non-miscut samples also show a finite anomalous charge-spin conversion efficiency of approximately 0.012–0.015, which may be associated with the spin swapping effect in this system4.
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Fig. S12. ST-FMR spectra of [100]-oriented Q-2DEG(m)/NiFe devices. (a) Contour plot of ST-FMR spectral dependence on magnetic field μ0H and RF frequency. (b) Resonance frequency versus resonance magnetic field μ0H0, with the fitted curves from the Kittel formula. (c) Frequency dependence of resonance linewidth ΔH and its linear fitting curves. (d) Contour plot of ST-FMR spectral dependence on magnetic field μ0H and azimuthal angle  of magnetic field. (e) and (f) Azimuthal angle φ dependent symmetric VS and antisymmetric VA components of the ST-FMR spectra.
Note 11: Charge-spin conversion efficiency determined by harmonic measurement
Although the ST-FMR yielded a relatively high conventional charge-spin conversion efficiency for our SrTiO3 based Q-2DEG, the Q-2DEG/CoGd heterostructure may possess an interfacial barrier different from that of the Q-2DEG/NiFe. Meanwhile, previous literature5 have suggested that the high dielectric constant of SrTiO3 may induce artifacts in the extracted charge-spin conversion efficiency. To further verify the result, we independently determined the conventional charge-spin conversion efficiency of the perpendicularly magnetized Q-2DEG/CoGd sample using low-frequency second-harmonic Hall measurements. A low-frequency alternating current (1327 Hz) was applied along the x direction through the current channel of the Hall device. An in-plane magnetic field was applied along x direction and swept while simultaneously recording the first harmonic Hall voltage (Vω) and the second harmonic Hall voltage (V2ω) (Fig. S13a). The effective damping-like field was extracted using6 (Fig. S13b). The charge-spin conversion efficiency (spin Hall angle) was then determined from7 , where γ is the gyromagnetic ratio, MS is the saturation magnetization, μB is the Bohr magneton and tFM is the ferromagnetic layer thickness. The calculated charge-spin efficiency is ξDL = 0.560 ± 0.018, which exceeds the range of 0.21–0.44 obtained from ST-FMR measurements.
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Fig. S13. Harmonic measurement of the perpendicular magnetized Q-2DEG/CoGd. (a) The μ0Hx dependence of the first and second harmonic Hall voltage. (b) The current density dependence of the damping-like effective field.
Note 12: Micromagnetic simulation of current-induced magnetization switching
We employed the open-source micromagnetic simulation software mumax38 to investigate the current-induced magnetization switching based on miscut Q-2DEG(m) and non-miscut Q-2DEG samples. The magnetization was first relaxed to its zero‑field, zero‑current ground state. A current pulse of 5 ns duration was then applied, and the magnetization was subsequently recorded after pulse termination. The current-induced magnetization switching was simulated by sweeping the current density from 0 to 1 × 108 A·cm-2, backwards to -1 × 108 A·cm-2, and finally returning to 1 × 108 A·cm-2. Simulations were performed using a six-terminal Hall device geometry with a 50-nm-wide main channel (Fig. S14a). The magnetic layer consisted of a 0.9-nm CoFeB film. Spin injection from the spin‑source layer was modeled using the Slonczewski formalism for spin polarization We adopted the vector charge-spin conversion efficiencies of Q-2DEG(m) and Q-2DEG along the [010] and [100] directions, as obtained from the aforementioned ST-FMR measurements. The electrical current polarization (Pol) was quantified by the modulus of the vector charge-spin conversion efficiency (), while the spin polarization direction of the fixed layer was defined by the measured vector orientation of conversion efficiency. Key micromagnetic simulation parameters9,10 are listed in Table S3.
The simulated current-induced magnetization switching induced by Q-2DEG(m) and Q-2DEG as spin sources are presented in Fig. S14b. Deterministic field-free magnetization switching is only achieved in Q-2DEG(m)-based devices along the [010] direction. While Q-2DEG devices along the [100] direction exhibit the largest conventional spin polarization, they possess the smallest anomalous spin polarization angle and fail to enable field-free magnetization switching. With an increasing anomalous spin polarization angle, the magnetic moment difference ΔMz(J = 0) at zero current gradually increases, indicating a positive correlation between the field-free switching amplitude and the anomalous spin polarization angle.
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Fig. S14. Micromagnetic simulation of current-induced magnetization switching. (a) Shape and size of the model used in micromagnetic simulation. (b) Current-induced magnetization switching simulated from the spin polarization data of Q-2DEG(m) and Q-2DEG samples along the [010] and [100] directions.
Note 13: SOT switching of Q-2DEG(m)/CoGd samples with different bombardment powers and different miscut angles
We sought to tune the conductivity, Rashba spin-orbit coupling, and symmetry of Q-2DEG(m) by varying the Ar+ bombardment power and substrate miscut angle, with the goal of controlling the power consumption of Q-2DEG(m)/CoGd.
Figure S15 illustrates current-induced magnetization switching in Q-2DEG(m)/CoGd samples prepared at different bombardment powers, with the substrate miscut angle fixed at 0.3°. While the bombardment power has little effect on the critical current density, the corresponding variation in resistivity (Fig. S2b) leads to a similar trend in power consumption (Fig. 4a). Figure S16 presents current-induced magnetization switching in Q-2DEG(m)/CoGd samples prepared with different substrate miscut angles, under a fixed Ar+ bombardment power of 300 eV. An increased miscut enhances the symmetry breaking, and the switching amplitude first rises, then gradually decreases and eventually saturates.
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Fig. S15. Current-induced magnetization switching in Q-2DEG(m)/CoGd samples with different bombardment powers.
[image: ]
Fig. S16. Current-induced magnetization switching in Q-2DEG(m)/CoGd samples with different miscut angles.
Note 14: Data description for the comparison plot of  and 
Figure 4c summarizes the conventional and anomalous charge-spin conversion efficiencies across a range of material systems, including the Weyl semimetals TaIrTe4, WTe2, and MoTe2, the noncollinear antiferromagnet Mn3GaN, and the altermagnet RuO2. The corresponding raw data for Fig. 4c are listed in Table S4.
Note 15: Data description for the comparison plot of power dissipation density and critical current density
Figure 4d presents a comparative summary of the power dissipation density and critical current density for field-free switching of perpendicular magnetization induced by conventional heavy metals (HMs), emerging symmetry-broken semimetals, oxides, topological insulators (TIs), and the Q-2DEG investigated in this work. TIs achieve the field-free magnetization switching of perpendicular magnetization by simultaneously utilizing both the spin transfer torque (STT) effect and the SOT effect. The power dissipation density for TIs accounts for contributions from both the STT effect (with a junction diameter of 800 nm, a thickness of 1.6 nm for the MgO tunneling layer, and a junction resistance of 2100 Ω) and the SOT effect. All parameters employed in these calculations are summarized in Table S5.
Note 16: Theoretical modeling of miscut-induced spin polarization
[bookmark: OLE_LINK358][bookmark: OLE_LINK359][bookmark: OLE_LINK353][bookmark: OLE_LINK354][bookmark: OLE_LINK348][bookmark: OLE_LINK349][bookmark: OLE_LINK352][bookmark: OLE_LINK362][bookmark: OLE_LINK363][bookmark: OLE_LINK355][bookmark: OLE_LINK356][bookmark: OLE_LINK350][bookmark: OLE_LINK351][bookmark: OLE_LINK357][bookmark: OLE_LINK364][bookmark: OLE_LINK365][bookmark: OLE_LINK360][bookmark: OLE_LINK361][bookmark: OLE_LINK366][bookmark: OLE_LINK367][bookmark: OLE_LINK176][bookmark: OLE_LINK177][bookmark: OLE_LINK370][bookmark: OLE_LINK371][bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: OLE_LINK368][bookmark: OLE_LINK369][bookmark: OLE_LINK346][bookmark: OLE_LINK347][bookmark: OLE_LINK372][bookmark: OLE_LINK373][bookmark: OLE_LINK374][bookmark: OLE_LINK375][bookmark: OLE_LINK180][bookmark: OLE_LINK181]To elucidate the microscopic origin of the out-of-plane spin polarization observed in the vicinal SrTiO3(001) 2DEG, we construct a minimal effective Hamiltonian grounded in symmetry analysis. For an ideal (001) interface, the system exhibits  point group symmetry, which hosts the Rashba spin-orbit coupling (SOC) with the standard form , confining the effective magnetic field and the resulting spin texture at the interface. In this high-symmetry limit, any out-of-plane spin accumulation is strictly forbidden. However, the introduction of a miscut angle  along the [100] direction breaks this symmetry by geometrically tilting the macroscopic confining potential. We model this effect by rotating the effective surface normal vector  around the [010] axis, resulting in a tilted normal . Substituting this tilted vector into the general Rashba expression , we derive a symmetry-breaking term  valid in the small-angle approximation. This term explicitly couples the in-plane momentum component parallel to the step edges () with the out-of-plane spin operator (), providing the fundamental mechanism for the generation of  that is otherwise forbidden in highly symmetric system.
[bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: OLE_LINK186][bookmark: OLE_LINK184][bookmark: OLE_LINK185][bookmark: OLE_LINK340][bookmark: OLE_LINK341][bookmark: OLE_LINK338][bookmark: OLE_LINK339]Numerical simulations based on this effective Hamiltonian and the semiclassical Boltzmann transport theory further confirm the validity of this mechanism. The spin response tensor is directly calculated via

[bookmark: OLE_LINK342][bookmark: OLE_LINK343][bookmark: OLE_LINK378][bookmark: OLE_LINK379][bookmark: OLE_LINK384][bookmark: OLE_LINK385][bookmark: OLE_LINK239][bookmark: OLE_LINK240][bookmark: OLE_LINK382][bookmark: OLE_LINK383][bookmark: OLE_LINK344][bookmark: OLE_LINK345][bookmark: OLE_LINK380][bookmark: OLE_LINK381][bookmark: OLE_LINK386][bookmark: OLE_LINK387][bookmark: OLE_LINK388][bookmark: OLE_LINK389]where  is the unit vector defining the direction of the applied electric field, and  is the spin expectation value of a state with wave vector k in the n-th band at the Fermi energy . For the ideal surface without miscut (), the out-of-plane spin accumulation  vanishes for all electric field directions, consistent with the  symmetry analysis (see main text). Upon introducing a finite miscut, a distinct sinusoidal oscillation of  emerges with respect to the electric field angle , as shown in Fig. S17. The simulation results demonstrate that the magnitude of the induced  scales linearly with the miscut angle  within the perturbative regime. It is important to note that this linear scaling represents an idealized behavior valid for small miscut angles. In realistic experimental scenarios, larger miscut angles may induce complex surface reconstructions or enhanced scattering that is beyond this perturbative regime. Nevertheless, for the small vicinal angles investigated in this work, the geometric tilt model provides a robust and sufficient explanation for the observed out-of-plane spin polarization.
[image: ]
Fig. S17. Calculated angular dependence of the out-of-plane spin accumulation. The out-of-plane spin component  is plotted as a function of the in-plane electric field angle  for various vicinal miscut angles . The black line () corresponds to the ideal (001) surface without miscut. Solid dots represent the numerical data points derived from the semiclassical Boltzmann transport theory using the effective Hamiltonian, while the solid lines are sinusoidal fits.


Table S1 Summary of the abbreviations, stacking structures, fabricated devices and their functional characteristics for all samples in this work
	No.
	Samples
	Devices
	Functions
	Description

	1
	Q-2DEG (m)/CoGd
	[010] & [100] Hall
	SOT switching
	Q-2DEG(m) (2.1)/Ti (2)/CoGd (4)/Cu (4), m = 0.3°, and bombardment power is 300 eV.

	2
	Q-2DEG/CoGd
	[010] & [100] Hall
	SOT switching
	Q-2DEG (2.1)/Ti (2)/CoGd (4)/Cu (4)

	3
	Q-2DEG(m)/NiFe
	[010] & [100] GSG
	ST-FMR
	Q-2DEG(m) (2.1)/NiFe (8)/MgO (1.5)/Ta (2), and m = 0.3°

	4
	Q-2DEG/NiFe
	[010] & [100] GSG
	ST-FMR
	Q-2DEG (2.1)/NiFe (8)/MgO (1.5)/Ta (2)

	5
	STO/CoGd
	Hall
	SOT switching & Electric transport
	SrTiO3 sub./Ti (2)/CoGd (4)/Cu (4)

	6
	STO/CoGd/Pt
	Hall
	SOT switching
	SrTiO3 sub./Ti (2)/CoGd (4)/Pt (4)

	7
	CoGd
	Hall
	Electric transport
	SiO2 sub./Ti (2)/CoGd (4)/Pt (4)

	8
	STO/LAO/CoGd
	Hall
	SOT switching
	SrTiO3/LaAlO3/Ti (2)/CoGd (4)/Cu (4)

	9
	STO/LAO/m (m is Co or Pt)
	Two-terminal
	IV curve
	SrTiO3/LaAlO3/m (10), (m is Co or Pt)

	10
	Q-2DEG/m (m is Co or Pt)
	Two-terminal
	IV curve
	Q-2DEG (2.1)/m (10), (m is Co or Pt)

	11
	Pt/NiFe
	GSG
	ST-FMR
	SiO2 sub./NiFe (8)/MgO (1.5)/Ta (2)

	12
	Q-2DEG (m)/CoGd
	[010] Hall
	SOT switching
	Q-2DEG(m) (2.1)/Ti (2)/CoGd (4)/Cu (4), m = 0.3°, the bombardment power is 200 eV, 250 eV, 350 eV, 400 eV and 450 eV.

	13
	Q-2DEG (m)/CoGd
	[010] Hall
	SOT switching
	Q-2DEG(m) (2.1)/Ti (2)/CoGd (4)/Cu (4), m = 0.1°, 0.2°, 0.5°, 1°, and bombardment power is 300 eV.




Table S2 Anisotropic charge-spin conversion efficiency of Q-2DEG(m)/NiFe and Q-2DEG/NiFe.
	Samples
	Device orientation
	
	
	θ

	Q-2DEG(m)/NiFe
	[010]
	-0.3332±0.0056
	-0.0866±0.0015
	14.57°

	
	[100]
	-0.2185±0.0031
	0.0080±0.0001
	2.10°

	Q-2DEG/NiFe
	[010]
	-0.2261±0.0087
	0.0153±0.0008
	3.87°

	
	[100]
	-0.4413±0.0372
	-0.0127±0.0015
	1.65°





Table S3 Key parameters in micromagnetic simulation.
	Parameters
	value

	Saturation magnetization (Msat)
	1.2×106 A/m

	Perpendicular magnetic anisotropy (Ku1)
	9×105 J/m3

	Interfacial Dzyaloshinskii-Moriya strength (Dind)
	5×10-4 J/m3

	Exchange stiffness (Aex)
	2×10-11 J/m3

	Damping constant
	0.02

	Spin polarization
	

	for Q-2DEG(m) [010]
	sqrt((-0.3332)2+(-0.0866)2)

	for Q-2DEG(m) [100]
	sqrt((-0.2185)2+(0.0080)2)

	for Q-2DEG [010]
	sqrt((-0.2261)2+(0.0153)2)

	for Q-2DEG [100]
	sqrt((-0.4413)2+(-0.0127)2)

	Fixed layer polarization vector
	

	for Q-2DEG(m) [010]
	(0, -0.3332, -0.0866)

	for Q-2DEG(m) [100]
	(0, -0.2185, 0.0080)

	for Q-2DEG [010]
	(0, -0.2261, 0.0153)

	for Q-2DEG [100]
	(0, -0.4413, -0.0127)





Table S4. Summary of conventional charge-spin conversion efficiency () and anomalous charge-spin conversion efficiency ().
	System
	
	
	Refs.

	TaIrTe4 (a-axis) 120 nm
	0.08
	0.11
	11

	TaIrTe4 (a-axis)
	0.05
	0.05
	12

	TaIrTe4 (a-axis) 40 nm
	0.062
	0.014
	13

	TaIrTe4 (a-axis) 30 nm
	0.119
	0.027
	

	TaIrTe4 (a-axis) 25 nm
	0.113
	0.043
	

	TaIrTe4 (a-axis) 20 nm
	0.160
	0.046
	

	WTe2
	0.029
	0.013
	14

	WTe2 (a-axis) 5 nm
	0.011
	0.029
	12

	WTe2 (a-axis) 10 nm
	0.012
	0.02
	

	MoTe2
	0.032
	0.006
	15

	PtTe/WTe2
	0.15
	0.034
	16

	Mn3GaN
	0.025
	0.019
	17

	RuO2(101)
	0.052
	0.010
	18

	
	0.048
	0.008
	

	
	0.044
	0.007
	

	[bookmark: _Hlk214907454]
	0.041
	0.006
	

	Q-2DEG(m)([010])
	0.3332
	0.0866
	Our work

	Q-2DEG(m)([100])
	0.2185
	0.008
	





Table S5. Summary of critical current density (Jc), resistivity (ρ) and power consumption (Jc2·ρ).
	System
	Jc
	ρ
	Jc2·ρ
	Refs.

	
	A/cm2
	μΩ·cm
	W/m3
	

	NiO/Pt
	3E7
	10.6
	9.54E15
	19

	
	6E7
	10.6
	3.82E16
	

	Pt
	2.5E7
	10.6
	6.63E15
	20

	Pt
	2.4E7
	10.6
	6.11E15
	9

	Pt/W
	1.3E7
	10.6
	1.79E15
	21

	CuPt
	2.4E7
	120
	6.91E16
	22,23

	PtMn
	5.28E6
	145
	4.04E15
	24,25

	Ta
	5E6
	50
	1.25E15
	26

	
	2.5E6
	50
	3.13E14
	

	Ta
	7.03E6
	50
	2.47E15
	27,28

	W
	3.06
	238
	2.22E17
	10,29

	MnPb3
	1.1E7
	60
	7.26E15
	30

	
	2.47E7
	95
	5.8E16
	

	Mn3Sn
	4.6E6
	367.5
	7.78E15
	31

	WTe2@200K
	2.5E6
	600
	3.75E15
	32

	WTe2@140K
	9.8E6
	470
	4.51E16
	32

	WTe2
	2.23E6
	780
	3.88E15
	33

	TaIrTe4
	2.35E6
	203.67
	1.12E15
	12

	
	7.65E6
	209.73
	1.23E16
	

	SrRuO3@70K
	8E6
	
	5.77E15
	34

	SrIrO3@40K
	2.7E6
	3.37E6
	2.46E19
	35,36

	SrTiO3@130K
	6E6
	1057.79
	3.81E16
	37

	(BiSb)2Te3
	1.19E5 (SOT)
2E3(STT)
	4680(SOT)
6.6E7(junction)
	3.30E14
	38

	
	9.22E4 (SOT)
4.4E4(STT)
	4680(SOT)
6.6E7(junction)
	1.28E17
	

	Q-2DEG
	8.06E4
	1057.79
	6.87E12
	Our work

	
	8.24E4
	1594.51
	1.08E13
	

	
	8.08E4
	1926.87
	1.26E13
	

	
	8.32E4
	3199.81
	2.21E13
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