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Spin-orbit torque (SOT) is recognized as an effective way to manipulate magnetization in spintronic devices. For the low-power consumption and high-endurance requirements of future computer architectures, reducing the critical SOT switching current density and improving SOT efficiency is crucial, especially in the perpendicularly magnetized structures. Here, we have conducted a comprehensive study on improving the SOT efficiency of the Ta/CoFeB structure with a perpendicular magnetic anisotropy by inserting an oxide insulating layer Fe2O3 as the bottom layer. We found that only a 1-5 nm thickness of Fe2O3 significantly reduces the SOT critical switching current by 70% and enhances the spin Hall angle of Ta. The spin Hall angle increases from 0.078 for pure Ta/CoFeB to 0.13 for Fe2O3/Ta/CoFeB, and both types of spin orbit torques, damping-like and field-like torques, are significantly enhanced. It is suggested that the atomic diffusion of O from the Fe2O3 underlayer leads to the partial oxidization of the Ta layer as well as the Ta/CoFeB interfaces, accounting for the observed enhanced SOT efficiency. Our results provide a reliable method to improve the SOT performance in perpendicularly magnetized structures by inserting the oxide underlayer using magnetron sputtering, in favor of its potential real-world application in spintronic devices.























In recent years, the utilization of current-induced spin-orbit torque (SOT) to manipulate the magnetization of ultrathin ferromagnetic metals (FMs) has emerged as a highly effective method to realize high-performance and low-power spintronic memory1-17. Current-induced magnetization switching by SOT is commonly observed in heterostructures with broken symmetry, such as heavy metal (HM)/FM structures6,18. In heavy metal materials with strong spin-orbit coupling (SOC), such as Ta7, Pt8,19, and W9,20, the spin Hall effect generates pure spin currents that produce spin torque on the magnetization of the adjacent ferromagnetic layer with pronounced perpendicular magnetic anisotropy (PMA)18,21-24.
Various approaches have been explored to enhance the efficiency of spin-orbit torque and current-induced magnetization switching, while one of them is to seek materials with large spin Hall angles, including single heavy metals, alloys and two heavy metal layers sandwiched with ultrathin ferromagnets, as well as doping and compositional regulation25-28. Recently, it is reported that by incorporating oxygen into the heavy metals layer and the interfaces such as W and Pt, it is possible to further improve the efficiency of charge-to-spin current conversion and decrease the critical current required for magnetization switching29-33. Even the light metal copper with weak SOC by natural oxidation can significantly enhance the spin Hall effect and increase the spin torque generation efficiency 34. 
Although it has been demonstrated that the efficiency of SOT can be enhanced by the incorporation of oxygen in the non-magnetic (NM) layer, two issues related to the FM layer materials and the oxidation method, respectively, remain unresolved. Most of the experimental demonstrations of oxidation-modulated SOT were carried out in structures with FM layers of NiFe alloy or thick CoFeB (CFB) films29,30,33,34. These FM layers with in-plane magnetization limit the direct investigation of the current-induced magnetization switching using anomalous Hall effect (AHE). Furthermore, from a practical application perspective, the thin CoFeB film (around 1 nm)-based heterostructures with a PMA are highly desirable used in spintronic devices, which have been widely utilized in magnetic tunneling junctions (MTJs) 21,35-40. Therefore, investigation of the oxidation-induced enhanced SOT in perpendicularly magnetized CoFeB-based structures is an urgent issue. On the other hand, it has been reported that the oxidized NM layers were usually fabricated by magnetron sputtering in a mixture of oxygen and argon gases29,30,33 or by simply natural oxidation in the air34. However, the oxygen flow rate during magnetron sputtering or the time of the natural oxidation is very sensitive and difficult to be precisely controlled, limiting its practical application in the real world.   
Here, we demonstrate that the insertion of a layer of α-Fe2O3 film underneath the Ta/CoFeB/MgO film significantly reduces the critical switching current (ISW) and the applied assisting magnetic field. This approach in the current-induced switching process improves the SOT efficiency while maintaining a good perpendicular magnetic anisotropy (PMA) of the sample. It is demonstrated that after the insertion of a layer of Fe2O3 at the bottom layer, oxygen atoms diffused into the Ta layer and even reached the Ta/CoFeB interface after overall post-annealing. This diffusion enhances the spin Hall angle of the heavy metal Ta layer by improving the magnitude of both the damping-like torque and field-like torque by a factor of two. The critical current density is as low as 4×106 A/cm² at an auxiliary field of only as small as 4 Oe. Our results provide a reliable method to introduce oxidation-based enhanced SOT using the magnetron sputtering technique, favoring the potential spintronic applications.  
[bookmark: _Hlk120364815][bookmark: _Hlk120364839]All samples were deposited in multilayer stacks on thermally Al2O3 substrates and Si substrates via DC/RF magnetron sputtering. The film structure of the substrate Al2O3/α-Fe2O3(2.0)/Ta(4.5)/CoFeB(1.0)/MgO(2.0)/Ta(2.0) (thickness in nanometers) is presented in Fig. 1(a), while the corresponding cross-section transmission electron microscope (TEM) image of the device structure in Fig. 1(b) shows a high-quality multilayer structure. The deposited films were then fabricated into Hall-bar structures as shown in Fig. 1(c). A charge current Ix flows through the channel, and the Hall voltage VH is measured in the transverse direction. The Hall resistance is thus obtained by VH/Ix. Fig. 1(d) shows the normalized Hall resistance (RH) as a function of applied out-of-plane magnetic field (Hz) under a bias current of 0.2 mA for two samples: sample I was deposited on the substrate Si-SiO2/Ta(5.0)/CoFeB(1.0)/MgO(2.0)/Ta(2.0), and sample II was deposited on the substrate Al2O3/α-Fe2O3(2.0)/Ta(4.5)/CoFeB(1.0)/MgO(2.0)/Ta(2.0). Both samples exhibit good PMA. The coercivity (Hc) of sample I was approximately 40 Oe, while the Hc of sample II with a layer of α-Fe2O3 film grown at the bottom was significantly reduced to 4 Oe. AHE curve (RH-Hz) were then measured for samples with different α-Fe2O3 and Ta layer thicknesses at different temperatures (ranging from 300 K to 120 K). At 300K, the Hc of samples with α-Fe2O3 layer was in the range of 4-13 Oe, which is significantly smaller than that of the sample without α-Fe2O3. Hc of the samples increased and the RH increased as the temperature decreased for all the samples (see Supplementary Information). All the samples present good PMA measured by vibration sample magnetometer (VSM).
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FIG 1. (a) The film structure of the multilayers. (b) The high-resolution cross-section transmission electron microscope (TEM) image of the multilayers. (c) Microscope image of one device with the dc experimental configuration. (d) The normalized Hall resistance (RH) as a function of the out-of-plane magnetic field (Hz) for the sample I and II.

[bookmark: _Hlk119868715]We firstly investigated the magnetization switching by the current-induced SOT in these CoFeB based heterostructures with PMA, where the required spin current was supplied by the underlying heavy metal Ta layer. To achieve SOT switching, a series of current pulses with a duration of 80 μs were applied while a fixed in-plane magnetic field along the current direction was applied to determine the switching polarity. After each current pulse, a tiny dc current (I=0.2 mA) was applied in order to measure the RH. Fig. 2(a) shows the current-induced SOT magnetization switching loops for sample I and sample II under the applied in-plane magnetic field  of  and , respectively, at 300 K. The ISW for sample I and sample II, where the magnetization begins to switch, was found to be 10 mA and 3 mA, respectively. The current switching measurements were performed at various consecutive low in-plane external fields () of sample II as shown in Fig. 2(c), and the SOT switching polarity can be controlled by the direction of the . Full magnetization switching can be achieved even with a very small field of . Meanwhile, the ISW increases as the  decreases. We also measured the switching curve of sample I under different external fields and found that the minimum in-plane field required for full switching was  (see Supplementary Information). The results showed that the α-Fe2O3 underlayer of the underlying layer significantly reduced the ISW of SOT by 70%. Thus, the lower critical current under lower applied filed in the structure of α-Fe2O3/Ta/CFB compared to Ta/CFB demonstrate that the inserted thin iron oxide layer underlayer is able to enhance the SOT switching efficiency.
To further investigate the process of current-induced switching, we captured the magnetic domain evolution during the switching process using a magneto-optical Kerr effect (MOKE) microscope41. Firstly, the sample was saturated at a large field to initialize the magnetization in the "up" direction and captured as a reference image. Subsequently, Kerr images were captured after each current pulse, and each MOKE images with enhanced contrast was obtained by subtracting the reference image. Fig. 2(b) shows the MOKE image and domain states after each pulse current I at an assisting field  for the Hall bar of sample II. The gray (dark) area in these MOKE images represents the “up” (“down”) magnetized state. When the pulsing current reached a critical value (), domain nucleation initially occurred at the left edge, followed by current-induced domain wall (DW) propagation that spread across the entire strip and the deterministic full switching. Additionally, reversible switching was monitored through reversed DW motion when applying opposite currents. Fig. 2(d) illustrates the temperature dependence of current-induced switching for sample II at the minimum assisting field, Hmin, ranging from 120 K to 300 K. As the temperature decreases, the ISW increases gradually, while the Hmin remains almost unchanged. To investigate any possible effect of the AFM ordering, such as the Morin transition, on the SOT process, we measured the switching curves of a series of samples at various temperatures.
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FIG 2. (a) Current-induced SOT magnetization switching loops for the sample I and II. (b) MOKE images showing the current-induced switching process of domain wall motion at Hx= + 4 Oe for the sample II. (c) Hall voltage VH with the pulse current Ipulse for the sample II under different Hx at 300 K. (d) Temperature dependence of SOT switching loops for the sample II ranging from 120 to 300 K at the Hmin.

Fig. 3(a) displays the current-induced SOT magnetization switching loops at 300 K for Ta/CFB and α-Fe2O3/Ta(tTa)/CFB, where tTa=3.5, 4.0, 4.5, 5.0, 5.5, and 6.0 nm, at the corresponding minimum assisting in-plane magnetic field required to achieve 100% switching. Meanwhile, Fig. 3(b) shows the switching loops of Ta/CFB and α-Fe2O3(tFe2O3)/Ta/CFB, respectively, at their minimum applied fields, where tFe2O3=1.0, 2.0, 3.0, and 5.0 nm. We found that regardless of the value of tFe2O3, the ISW of α-Fe2O3/Ta/CFB was significantly smaller than that of Ta/CFB. Particularly, when tFe2O3=2 nm and tTa=4.5 nm, ISW reached its minimum value of 3 mA, which was only 30% of that of Ta/CFB. We also measured the SOT current switching curves of the samples as a function of temperatures ranging from 120 K to 300 K, obtaining the Hmin and the ISW at this field, as shown in Fig. 3(c)- 3(f). It is shown that the Hmin of Ta/CFB was 18 Oe, while that of α-Fe2O3/Ta/CFB was reduced to 3-8 Oe. Notably, the temperature had no significant effect on the Hmin values. At 300 K, the ISW of Ta/CFB was 10 mA while that of α-Fe2O3/Ta/CFB reduced to 3-7 mA, and ISW gradually increased with decreasing temperature. This effect persisted even when the thickness of Ta reached 6 nm, and the thickness of α-Fe2O3 was only 1 nm. This suggests that the α-Fe2O3 layer enhances the strength of SOT and improves the efficiency of current switching42, and this improvement is quite robust regardless the thickness of the Ta and α-Fe2O3 layers. Interestingly, the switching curves at different temperatures did not appear to be influenced by the AFM ordering of α-Fe2O3, such as the Morin phase transition point (~260 K)43-45. 
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FIG 3. For Al2O3/α-Fe2O3(2.0)/Ta(tTa)/CoFeB(1.0)/MgO(2.0)/Ta(2.0) film, tTa=3.5-6.0 nm and Al2O3/α-Fe2O3(tFe2O3)/Ta(4.5)/CoFeB(1.0)/MgO(2.0)/Ta(2.0) film, tFe2O3=1.0-5.0 nm: (a)(b) Current-induced SOT magnetization switching loops. (c)(d) The Hmin required for complete switching with different temperatures. (e)(f) The Isw with different temperatures.

Harmonic Hall voltage measurements were performed to investigate current-driven magnetization tilting and quantify the resulting current-induced SOT effective fields46-49. These measurements quantify the longitudinal () and transverse effective fields () generated by the damping-like (HDL) and field-like (HFL) SOTs, respectively. We swept the magnetic field in the direction along (perpendicular to) the current  () in the longitudinal (transverse) scheme48-50. 
[bookmark: _Hlk119877463]Fig. 4(a)(c) and (b)(d) show the results of the first () and second harmonic Hall voltage () measurements for sample I and sample II in the longitudinal and transverse scheme, respectively. The measurements were performed with an alternating current of  () and a magnetic field of  for both  and . The values of  and  can be extracted by fitting the  and  curves under a small magnetic field range using the following equation:6,46
.                           (1)
The details of the fitting process are presented in the Supplementary Information. 
[bookmark: _Hlk120005935]Fig. 4(e) and 4(f) illustrates the  and  extracted from sample I and sample II as a function of the current IAC, respectively. The effective fields exhibit a linear variation with IAC, indicating that Joule heating or other artifacts that cause linear deviation in the current range can be considered negligible. The sign of  depends on the direction of  while the sign of  remains unchanged, showing that the current-induced effective field originates from the bulk SHE of the Ta layer in the sample46,51. It is clearly shown in Fig. 4(e) and (f) that both  and  are significantly enhanced in the sample with α-Fe2O3 underlayer. Specifically, at  sample I exhibited a SOT effective fields of  and , while sample II showed  and . The values of  and  of sample II with α-Fe2O3 underlayer were almost doubled compared to sample I at the same current. 
[bookmark: _GoBack]Furthermore, we determined the effective spin Hall angle  by applying the formula 52,53, where  is the charge current density,  is the electron charge,  is the Planck constant,  is the saturation magnetization of CoFeB, and  is the thickness of CoFeB (1.0 nm). The calculated value of  for sample I is approximately 0.078, while that of sample II increases to 0.13.  of Ta/CoFeB is similar to the reported value of 0.0848,51,54, which confirms the validity of the approach we used here. We also fixed the Ta thickness and performed harmonic tests for samples with Fe2O3 thicknesses of 1 nm, 3 nm, and 5 nm, respectively (see Supplementary Information). The results obtained that the spin Hall angle  of the samples with Fe2O3 thickness of 1-5 nm are all around 0.12-0.13, and both the SOT effective field and spin Hall angle are significantly enhanced than that without Fe2O3 layer.
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FIG 4. First and second harmonic loops in longitudinal configuration () and in transverse configuration () for sample I (tFe2O3=0nm) (a)(c), and for sample II (tFe2O3=2nm) (b)(d), measured at  and 300 K. The current-induced effective fields versus IAC value are shown in (e) for longitudinal effective field  and (f) for transverse effective field .

To investigate the underlying mechanism of the enhanced SOT efficiency by the inserted Fe2O3 layer, the X-ray photoelectron spectroscopy (XPS) sputtering-depth profiling was conducted to determine the composition of each material at different depths49. Fig. 5 (a) presents the relative atomic contents of Ta, O, Co, Fe, Mg, B and Si at different depths of the sample I measured during sputtering etching, while Fig. 5 (b) shows the relative atomic contents in sample II. The capping layer TaOx was formed on the sample surface in air, leading to a high oxygen concentration. In sample I, the concentration of oxygen atoms decreases as the etching depth increases until the bottom Ta layer. It is shown that the bottom Ta layer is slightly oxided as it is near the SiO2 substrate. In sample II, although the concentration of oxygen atoms distribution is the top Ta(O)/MgO/CoFeB is similar to that in smaple I, the relative atomic content of O in the bottom Ta layer increases significantly since the interface between the CoFeB and Ta layers and reaches a quite high level of ~50% near the Fe2O3 layer. No distinct differences are shown in the atomic concentrations of Ta, Mg, Co and B with respect to the etching depth between the two samples. 
These observations suggest that some oxygen atoms diffuse from the underlying Fe2O3 layer into the Ta layer as well as the CoFeB/Ta interface, resulting in partial oxidation in the bottom Ta layer and the interface, as illustrated in Fig. 5 (c). This O atom diffusion plays a role on the crystallinity, oxygen content, and defect density of the CoFeB and Ta layers, which can ultimately affect the magnitude of the coercive fields of the CoFeB perpendicular films and the process of current-induced SOT magnetization switching. It has been reported that despite the atomic SOC of O being small, it can significantly alter the hybridization of Co, Fe and Ta orbitals near the interface, resulting in a change in wave function asymmetry near the nucleus and the enhancement of the Rashba effect29,55,56. In addition, it is possible that the increase in oxidation level of the heavy metal layer could impact the SOC, leading to an enhancement of both the spin-orbit torque and the size of the spin Hall angle30,33,34. Hence, the enhanced SOT of Fe2O3/Ta/CoFeB multilayers may be attributed to the modulation of the interfacial Rashba-type SOT via oxygen-induced orbital hybridization across the interface or by the control of the charge distribution near the interface. Additionally, the enlargement of the spin Hall angle resulting from the modification of the spin-orbit torque caused by the oxidation of the Ta layer further enhances the effect. 

[image: ]
FIG 5. Variation in the relative atomic content of Ta, O, Co, Fe, Mg, B, Al and Si versus etching depth in XPS spectra of (a) sample I and (b) sample II. (c) Schematic diagram of the SOT effective field  and  in sample II when the magnetization is tilted perpendicular to the current direction. Diffused oxygen atoms are represented by purple spheres.

In conclusion, we have experimentally demonstrated the deterministic current-induced spin-orbit torque (SOT) switching in a magnetic heterostructure consisting of Fe2O3/Ta/CoFeB/MgO, which exhibits a robust perpendicular anisotropy. Our findings reveal that the Fe2O3 underlayer significantly reduces the critical magnetization switching current by 70% and enhances the efficiency of the SOT current-driven switching process. The current-driven effective fields induced by the SOT are determined using vector measurements in both the longitudinal and transverse directions. The nonvolatile modulation results in a significant enhancement of both the damping-like and field-like torque, as well as an increase in the spin Hall angle  by approximately 85%. This enlarged  significantly improves the SOT efficiency and may reduce the power consumption for the potential spintronic application. This efficient spin-orbit torque is suggested to be originated from the Ta(O)/ferromagnet interface, which is affected by the diffusion of O atoms from the underlying oxide. Our results provide an interesting path to enhancing the magnitude of spin-orbit torque and bridging the gap between oxide electronics and spintronics. Importantly, the observed enhancement of SOT efficiency is demonstrated to be robust regardless the thickness of Ta or Fe2O3 layers. Also, compared to the other oxidation-related methods, insertion of the iron oxidation underlayer grown by magnetron sputtering is more practical and stable for the potential applications in the development of next-generation spintronic devices. It should be noted that this mechanism is not directly influenced by the antiferromagnetic ordering and is not limited to antiferromagnetic materials like α-Fe2O3, thus it can be extended to other possible oxides, making it a general and effective approach.
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