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Abstract: Spin-orbit torques (SOT) that arise from materials with large spin-orbit coupling offer a new 

pathway for energy-efficient and fast magnetic information storage. SOTs in conventional heavy metals 

and topological insulators have been explored extensively, while 5d transition metal oxides, which also 

host ions with strong spin-orbit coupling, are a relatively new territory in the field of spintronics. An all-

oxide, SrTiO3 (STO)// La0.7Sr0.3MnO3 (LSMO)/ SrIrO3 (SIO) heterostructure with lattice-matched crystal 

structure has been synthesized, exhibiting an epitaxial and atomically-sharp interface between the 

ferromagnetic LSMO and the high spin-orbit-coupled metal SIO. We use spin-torque ferromagnetic 

resonance (ST-FMR) to probe the effective magnetization and the SOT efficiency in LSMO/SIO 

heterostructures grown on STO substrates. Remarkably, epitaxial LSMO/SIO exhibits a large SOT efficiency, 

𝜉|| = 1, while retaining a reasonably low shunting factor and increasing the effective magnetization of 



LSMO by ~50%. Our findings highlight the significance of epitaxy as a powerful tool to achieve a high SOT 

efficiency, explore the rich physics at the epitaxial interface, and open up a new pathway for designing 

next-generation energy-efficient spintronic devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Main text 

Efficient electrical manipulation of magnetism is an ongoing pursuit for applications in next-generation 

information storage and logic functions. One promising pathway is to utilize current-induced spin torques 

originating from spin-orbit coupling (SOC)[1-3], such as the bulk spin Hall effect (SHE)[4-6]or the interfacial 

Rashba-Edelstein effect (REE)[7-9], where a charge current passed through a SOC metal generates a spin 

torque on an adjacent ferromagnet (FM). The key to realizing energy-efficient spin-orbit torque (SOT)-

based switching of FM’s is to maximize the anti-damping SOT efficiency (per unit current density) 𝜉|| =

 𝜃||𝑇int , where 𝜃|| is the spin Hall ratio and 𝑇int is an interfacial spin transparency factor.  Consequently, 

there is tremendous on-going research focused on achieving such large SOT efficiencies by using materials 

with large SOC, such as elemental heavy metals (HM) [5, 6, 10-13], topological insulators (TI) [14-17] with 

spin momentum locked interface states, and two-dimensional electron gases (2DEG) at oxide interfaces 

[18-20]. However, in HM’s  SOT efficiencies are typically below 0.5 [21, 22], and in TI/FM and 2DEG systems 

the high resistivity of the spin Hall material causes current shunting through the magnet that compromises 

the overall efficiency per unit applied current [23, 24]. Here, we show that model epitaxial all-oxide 

heterostructures can achieve SOT efficiencies on par with some TI materials at room temperature[9], 

while allowing lower-resistivity SOC layers and high-resistivity oxide FMs that together decrease 

unwanted current shunting compared to TI or 2DEG/metallic FM structures.  Moreover, we find an 

unusual dependence of the oxide FM magnetic anisotropy on the thickness of the oxide SOC material, 

highlighting the rich physics in correlated oxide spintronics systems.  

Complex oxides, displaying a strong interplay between charge, spin, orbital, and lattice degrees of 

freedom, offer a scientifically-rich platform for both fundamental and application-oriented research. Their 

properties range from high-temperature superconductivity in cuprates, colossal magnetoresistance in 

doped manganites[25], and more recently, exotic band structure effects in perovskite iridates[26]. 

Moreover, the sensitivity of complex oxides to epitaxial strain [27], interface chemistry, and crystal 

orientation provide additional degrees of freedom in tuning the electronic and magnetic structure and 

SOC effects. In particular, 5d transition metal oxides (TMO), with strong SOC and electron-electron 

correlation, give rise to intriguing fundamental physics, ranging from nontrivial quantum phases [28-30] 

to magnetic anisotropy manipulation[31] and intrinsic charge-spin interconversion[32-35]. However, 

despite this rich physics, in the few room temperature studies on charge-spin interconversion in 5d TMOs, 

the adjacent FM metal has typically been a non-epitaxial metal, such as SrIrO3 (SIO)/Permalloy (Py) [32, 

33], SIO/Co1-xTbx [34], and SrRuO3/Co [35]. The resulting SOT efficiencies, 𝜉|| ≤ 1 [32-35], are comparable 

to their HM/FM counterparts. With this as the background, our hypothesis was that creating atomically 

perfect ferromagnet and SOC metal layers, coupled through chemically abrupt epitaxial interfaces, can 

lead to emergent electronic phenomena at the interfaces [31], as well as the opportunity to obtain more 

efficient charge-to-spin conversion. For our studies, we chose the correlated perovskite manganite, 

La0.7Sr0.3MnO3 (LSMO) and the SOC metal perovskite iridate, SrIrO3 (SIO), as model systems.  

 

 

 



 

Figure 1|Local crystal and electronic structure of LSMO/SIO interface. a, High angle annular dark 

field  (HAADF) image of LSMO/SIO layer displaying the atomically clean interface. b, The electronic 

arrangement of LSMO/SIO showing the electron charge transfer from Ir4+ (SrIrO3) to Mn4+ (La0.7Sr0.3MnO3). 

c, Orbital reconstruction of Mn 3d and Ir 5d levels for LSMO (50 UC)/SIO(10 UC) after the electron transfer. 

d, Mn L edge and O K edge EELS spectrum extracted from the LSMO/SIO interface for different thicknesses. 

Epitaxial LSMO/SIO bilayers are grown on STO (0 0 1) substrates by high-pressure reflection high energy 

electron diffraction (RHEED)-assisted pulsed laser deposition. Sharp RHEED patterns (Fig. S1(a)) 

demonstrate high crystal quality and a flat surface. The thicknesses of LSMO and SIO layers are 

determined by counting periods of RHEED oscillations and confirmed by high resolution electron 

microscopy (HAADF-STEM). We verified by X-ray diffraction that high-quality, single-phase LSMO (50 

UC)/SIO (25 UC) with the desired (0 0 1) orientation were grown on the STO (0 0 1) substrate (Fig. S2(a)). 

Fig. S2(b), (c), (d) show the reciprocal space maps of the STO//LSMO (50 UC)/SIO (25 UC) (0 0 3), (1 0 3), 

and (2 0 3) diffraction peaks, respectively, indicating that both LSMO and SIO are coherently strained to 

the STO substrate. Reciprocal space maps of the STO//LSMO (50 UC)/SIO (25 UC) around (1 0.5 1.5), (0.5 

1 1.5) and (0.5 1.5 1) diffraction peaks are shown in Fig. S3(b), (c), (d), showing that the SIO layer presents 

domains with in-phase octahedral rotation axis aligned with both X and Y directions. No domains with in-

phase octahedral rotation axis along Z are detected. In-phase octahedral rotations in the LSMO layer are 

not detected either. 

To examine the quality of the oxide interface at the microscopic level, we performed high angle annular 

dark field (HAADF) scanning transmission electron microscopy (STEM) experiments (Fig. 1(a)). 

(Supplementary information, IV).  The brighter contrast is from the SIO layer due to its higher Zeff whereas 

the darker contrast is from the LSMO layer.  The sharp interface quality is evident from Fig. 1(a) with MnO2 

termination in LSMO and SrO termination in SrIrO3.  



From the XRD and HAADF-STEM experiments, we calculated the in-plane and out-of-plane (OOP) lattice 

parameters for the LSMO and SIO layers in heterostructures with varying SIO thicknesses. The results of 

these experiments are summarized in Supplementary information, III.  Fig. S4(a) shows X-ray diffraction 

patterns of LSMO(50 UC)/SIO(X UC), where X=10, 20 and 30 unit cells; for each thickness, two separate 

samples were measured and were found to be essentially identical. The corresponding OOP lattice 

parameters are presented in the table in Fig. S4(b), along with the in-plane and OOP lattice parameter 

data extracted from the HAADF-STEM images of the 10 and 30UC SIO samples.  

There are three key observations from this data. First, from the XRD data in Fig. S4(a), the LSMO OOP 

lattice parameter is essentially unchanged; second, the OOP lattice parameters of the SIO layer 

systematically change as a function of the SIO layer thickness, from 3.97 Å for the 10 UC SIO sample to 

4.06 Å for the 30 UC SIO. We note that the SIO OOP lattice parameter (3.97 ± 0.02 Å) in the LSMO(50 

UC)/SIO(10 UC) is smaller than what has been reported for 30 UC SIO grown on STO substrate (4.08 Å)[36]. 

Finally, more importantly, the OOP lattice parameter of the 30UC SIO on 50UC LSMO is essentially 

identical to that reported for the 30UC SIO on STO substrate[36]. Thus, pure relaxation of heteroepitaxial 

constraint imposed by the lattice mismatch between the in-plane dimensions of LSMO and SIO fails to 

explain the experimentally observed trend in OOP lattice dimensions in the SIO layer (i.e., the OOP lattice 

parameter of the SIO layer is changing counter to what would be expected from pure heteroepitaxial 

considerations). Fig. S4(c-f) capture the structural details of the STO/SIO(30 UC), STO/LSMO(50 UC) and 

the corresponding LSMO/SIO heterostructures with 10 and 30 UC of SIO.  

Therefore, in order to throw more light onto this puzzling structural evolution with SIO thickness, we 

performed atomic resolution electron-energy loss spectroscopy (EELS) measurements, which probes the 

empty density of states as presented in Fig. 1(d). We observe a negative shift of ~1eV for the Mn L-edge 

in the 10UC SIO sample compared to the 30UC SIO sample (as well as the standard reference spectra[37] 

shown in Fig. 1(d)). These changes in the Mn L-edge point to the strong possibility of a charge transfer 

from Ir to Mn[38-40] shown in Fig. 1(b).  We also observe a corresponding change in the O K-edge in the 

SIO layer (we note that we do not access the Ir L-edge, which appears at ~12KeV, and is not accessible in 

our EELS spectrometer). Since the EELS spectra essentially probes the empty density of states, the changes 

in the first 5eV of the O K-edge reflects changes in the electronic structure of the SIO layer, arising from 

changes in the Ir-O hybridization. Such a charge transfer can also be accompanied by orbital 

reconstruction in the SIO layer[31, 40]. Bulk SIO is a semimetal with strong spin-orbit coupling (SOC), which 

is comparable to the crystal field splitting (CFS) [41]. It has been recently reported that CFS can dominate 

over SOC in strained iridate systems [42]. An evidence for such an orbital re-construction due to CFS can 

be seen in O K edge in Fig. 1(d). In LSMO(50 UC)/SIO(10 UC), the density of states for Ir-O related levels 

are broader than that those in LSMO(50 UC)/SIO(30 UC). We believe that due to the dominance of CFS 

over the SOC, the S=1 state is stabilized in the LSMO(50 UC)/SIO(10 UC) as is shown in Fig. 1(c). Our present 

results agree with previously reported results on SrIrO3/LaNiO3 system[40]. We note that for LSMO(50 

UC)/SIO(30 UC), where the charge transfer is negligible, there is no orbital reconstruction in Ir 5d levels 

shown in Fig. 1(c).  

 

 

 



 

 

 

Figure 2 | ST-FMR and Effective Magnetization for LSMO/SIO bilayer. a, ST-FMR for sample LSMO (50 

UC)/SIO (22 UC) at 4GHz. The external magnetic field is oriented at 45° with respect to the current 

direction. Open black squares indicate spin mixing voltage. The red line is a fit to the spin mixing voltage 

data while the blue and purple curves indicate extracted symmetric and anti-symmetric spin mixing 

voltages, respectively. b, Effective magnetization,𝑀eff, extracted from ST-FMR measurements, for LSMO 

(50 UC)/SIO (X UC) as a function of SIO thickness. The green dotted band indicates the saturation 

magnetization, 𝑀s (ranging from 300 to 330 kA/m), for 50 UC LSMO measured using vibrating sample 

magnetometry. The red solid line is a guide to illustrate the thickness dependent 𝑀eff transition. c, The 

ratio of 𝑀eff/𝑀s as a function of SIO thickness. The red solid squares and blue solid triangles indicate LSMO 

(50 UC)/SIO (X UC), SIO (X UC)/CoFe (3.5 nm)/Al systems, respectively. d, 𝑀eff and 𝑀s for LSMO (X UC)/SIO 

(10 UC) as a function of LSMO thickness. The blue and red solid squares indicate 𝑀eff and 𝑀s, respectively. 

The inset shows 𝑀eff - 𝑀s as a function of 1/(𝑀s𝑡LSMO). 

To understand the potential spintronic manifestations of the clean epitaxial LSMO/SIO interface and the 

resulting charge transfer and orbital reconstruction, ST-FMR measurements were performed on 
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LSMO/SIO heterostructures with varying thicknesses.  The ST-FMR dc mixing voltage can be written as[43-

45]: 

 𝑉mix =  −
1

4

dR

dΦ

γIrfcosΦ

∆2π(
df

dH
)|𝐻ext=H0

[S𝐹S(𝐻ext) + A𝐹A(𝐻ext)], (1) 

where 𝑅(Φ) is the device resistance as a function of the angle- Φ between the applied in-plane magnetic 

field and current direction, Irf is the microwave current flowing into the device, (
df

dH
) |𝐻ext = H0 is the 

field gradient of the resonance frequency,  𝐹S(𝐻ext) =  ∆2

∆2 + (𝐻ext − H0)2⁄  is the symmetric 

Lorentzian function with half-width-half-maximum linewidth ∆  , 𝐹A(𝐻ext) =

 
(𝐻ext − H0)∆

∆2 + (𝐻ext − H0)2⁄  is the anti-symmetric Lorentzian function. S and A are the amplitudes 

of the symmetric and anti-symmetric Lorentzian functions respectively. Fig. 2(a) shows an example ST-

FMR measurement for LSMO (50 UC)/SIO (22 UC) at a frequency of 4 GHz and input power 18 dBm, with 

an external magnetic field oriented 45° to the current direction. The measured ST-FMR signal fits well to 

Eq. (1), yielding the symmetric and anti-symmetric components. The resonance fields are summarized in 

Fig. S10, and agree well with the Kittel equation: 

𝑓 =
𝛾

2𝜋
√(𝜇0𝐻ext + 𝜇0𝐻k)(𝜇0𝐻ext + 𝜇0𝐻k + 𝜇0𝑀eff) , (2) 

where 𝐻k is the in-plane magnetic field anisotropy. From the fit to Eq. (2),  𝑀eff is extracted, showing a 

strong dependence on SIO thickness. As is shown in Fig. 2(b), a ~50% enhancement of effective 

magnetization compared to the bulk saturation magnetization (Supplementary information, VI, Fig. S7) is 

seen for LSMO (50 UC)/SIO (5 UC).  The saturation magnetization 𝑀s as measured by vibrating sample 

magnetometry does not show any such abrupt dependence on the SIO thickness (Fig. 2(b)), indicating that 

the enhancement of 𝑀eff is likely due to a change in magnetic anisotropy. The enhancement in 𝑀eff is 

observed only for SIO thinner than ~25 UC and progressively decreases for the thicker SIO samples. The 

enhancement of 𝑀eff  is observed for all LSMO thicknesses, confirming the universal role of SIO in 

enhancing the 𝑀eff of LSMO. The effective  magnetization can be written as 𝜇0𝑀eff = 𝜇0𝑀s − 𝐻k,eff [46], 

where 𝐻k,eff is the effective anisotropy field. This enhancement in 𝑀eff in the epitaxial LSMO/SIO is quite 

different from the SIO/CoFe systems, see Fig. 2(c), which exhibits 𝑀eff < 𝑀s, and no strong dependence 

on SIO thickness, as typically seen in conventional metallic systems. This could be due to a difference in 

the sign of 𝐻k,eff between the epitaxial LSMO/SIO and non-epitaxial SIO/Py, which further accentuates 

the peculiarity of the LSMO/SIO system. In conventional systems, 𝐻k,eff can have contributions from a 

bulk component (2𝐾u/𝑀s) and an interface component (2𝐾int/𝑀s𝑡LSMO) [46], where 𝐾u and 𝐾int are the 

bulk and interfacial anisotropy constants, respectively. The difference between 𝑀eff  and 𝑀𝑠  in the 

LSMO/SIO scales linearly with 1/𝑀s𝑡LSMO, shown in the inset of Fig. 2(d), as expected from an interfacial 

contribution. (𝑀eff − 𝑀s) vs 1/𝑀s𝑡LSMO shows a large intercept, suggesting a stronger contribution from 

bulk anisotropy; however, the trend suggests that the bulk and the interfacial anisotropies have opposite 

signs. 

 

 



 

 

Figure 3|SOT Efficiency for LSMO/SIO. SOT efficiency as a function of SIO thickness is shown, with LSMO 

thickness fixed at 50 UC. The red solid squares represent SOT efficiency estimated by Eq. (3) for LSMO/SIO 

system. The red line is a guide to the eye. The blue solid squares indicate SOT efficiency for LSMO/SIO 

estimated by the modified Eq. (3)- 𝜉|| =
S

A
(

e

ħ
)μ0𝑀efftFMdNM√1 +

μ0𝑀eff
H0

⁄  (4). The blue dashed line is 

a guide to the eye. The pink open triangles indicate SOT efficiency for SIO/Py[32]. The pink solid line is a 

guide for SIO/Py. 

We now bring all the observed enhancements in 𝑀eff to focus by calculating the charge to spin conversion 

efficiency (SOT efficiency) from the ST-FMR measurements. We use the following expression to extract 

the SOT efficiencies as a function of SIO thickness: 

𝜉|| =
S

A
(

e

ħ
)μ0𝑀StFMdNM√1 +

μ0𝑀eff
H0

⁄   (3) 

Where tFM is the thickness of the FM, dNM is the thickness of the SOC material, and H0 is the resonance 

field. Figure 3 summarizes the SOT efficiencies for LSMO/SIO as a function of SIO thickness, in which a 

strong dependence of SOT efficiency on SIO thickness is observed. As the SIO thickness increases, the SOT 

efficiency decays, in direct contrast to its non-epitaxial counterpart SIO/Py [32], whose SOT efficiency 

increases with SIO thicknesses and eventually saturates at ~0.5. The SOT efficiency saturation with SOC 

metal thickness is commonly attributed to spin diffusion length in the SOC material[47]. This contrasting 

thickness dependency suggests a distinctly different physics underlying the spin-charge conversion in 

these systems, resulting from the epitaxial interface. Further analyses on the effective interface spin 
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mixing conductance and interface transparency (Supplementary information, X) suggest that the 

enhancement of SOT efficiency is not simply due to the improvement of interface quality but is a result of 

the intrinsic electronic interaction (charge transfer + orbital reconstruction) between LSMO and SIO, 

supported by EELS mapping. Intriguingly, unlike traditional heavy-metal systems, 𝑀eff is always equal to 

or larger than 𝑀s  in LSMO/SIO heterostructures, which brings into question the use of 𝑀s  in Eq. (3). 

Therefore, as a comparison, we have overlayed data in Fig. 3 (blue solid squares) where we have 

calculated 𝜉|| using 𝑀eff in the pre-factor rather than 𝑀s. 

To rule out the presence of a substantial field like torque (𝜉FL) in the LSMO/SIO system, we measured the 

ST-FMR as a function of LSMO thickness (Supplementary information, XI), which indicates a negligible 𝜉FL 

(
𝜉FL

𝜉DL
⁄ =  −0.09). To further validate the SOT efficiency estimated by ST-FMR, second harmonic Hall 

measurement for an exemplar LSMO (50 UC)/SIO (18 UC) sample (Supplementary information, XII) was 

performed and yields a 𝜉DL of ~1.1, which is consistent with the ST-FMR value. These large SOT efficiencies, 

which show a ~3-5X enhancement over SIO/Py, and the distinct SIO thickness dependence directly point 

to the beneficial role of an epitaxial interface and novel physics accompanied by LSMO/SIO epitaxial 

interface. 

We estimate the SOT conductivity ( 𝜎|| ) of our all-oxide device using 𝜉|| = 𝜎||/𝜎 to be roughly 

1~3 × 105(
ħ

2𝑒
)Ω−1 ∙ 𝑚−1. Note that the 𝜎|| in Pt is of the same order of magnitude [5, 48, 49], but it is 

achieved due to the product of a higher charge conductivity and a lower SOT efficiency. A high SOT 

efficiency in the epitaxial oxide heterostructure, such as LSMO/SIO is promising for a lower magnetization 

switching current with much lower current shunting (Supplementary information, VII). The most 

important observations in the epitaxial heterostructure are the key role of the electronic structure at the 

heteroepitaxial interface (Fig. 1) in enhancing the SOT efficiency, and how that electronic structure also 

induces a change in the anisotropy as measured in through the ST-FMR measurement through the 

enhancement in the 𝑀eff relative to 𝑀s. Our preliminary theoretical studies (Supplementary information, 

XIII, XIV) confirm that this enhancement in 𝑀eff  is a consequence of additional anisotropy terms at thin 

SIO thicknesses. As also observed in the Pt/Co/Oxide heterostructures[50-53], we hypothesize that this is 

likely a result of electronic orbital hybridization and the associated charge transfer across the LSMO/SIO 

interface seen by the EELS data (Fig. 1). We also recognize that the electronic band structure can be 

influenced by the lattice parameter and crystal symmetry in addition to charge transfer effects. The key 

difference between the results presented in Fig.3 for the epitaxial LSMO/SIO interface and the SIO/Py 

interface[32] is the role of epitaxial constraints imposed on the crystal and electronic structure.  We note 

that the SOT efficiency in our measurements for SIO layer thickness larger than ~25-30UC is essentially 

the same as that reported by T. Nan et al[32]. The significant enhancement occurs for SIO thicknesses 

smaller than ~25UC, for which the consequences of epitaxial constraint on the electronic and crystal 

structure are strongly manifested in the enhancement of the SOT efficiency. Untangling the complex 

interactions between the changes in crystal structure, lattice dimensions and electronic structure will 

require considerably more detailed experimental studies of the local crystal and electronic structure as a 

function of epitaxial constraint. 

In summary, we use heteroepitaxial perovskite oxides driven by the intrinsic similarity in crystal chemistry 

and structure to design and synthesize epitaxial oxide FM/SOC metal heterostructures as model systems 

to study the SOT efficiency and novel interface-driven spin-orbitronics. Using ST-FMR, we report 



heterostructures with 𝑀eff > 𝑀s and 𝜉||=1, taking advantage of intrinsic band structure and correlated 

electron phenomena. We show that precise control over crystallinity, crystal orientation, interface quality, 

and strain states of the bilayer, allows us to achieve high SOT efficiency with lower current shunting factor. 

The critical role of the interface electronic structure strongly suggests future work on manipulating the 

interface electronic structure through the insertion of “surfactant” layers that can locally manipulate the 

electronic structure. We anticipate that additional systematic temperature-dependent structural and 

electronic structure studies will elucidate and exploit more fundamental SOT physics in this system [31], 

emphasizing the significant role oxide epitaxy can play as a tool in spintronics. Furthermore, this work 

suggests a broader set of FM/SOC heterostructures that can be created using the principles of 

heteroepitaxy to yield large SOT efficiencies, given the rich diversity of oxide materials.  
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Figure Captions 

Figure 1|Local crystal and electronic structure of LSMO/SIO interface. a, High angle annular dark 

field  (HAADF) image of LSMO/SIO layer displaying the atomically clean interface. b, The electronic 

arrangement of LSMO/SIO showing the electron charge transfer from Ir4+ (SrIrO3) to Mn4+ (La0.7Sr0.3MnO3). 

c, Orbital reconstruction of Mn 3d and Ir 5d levels for LSMO (50 UC)/SIO(10 UC) after the electron transfer. 

d, Mn L edge and O K edge EELS spectrum extracted from the LSMO/SIO interface for different thicknesses. 

 

 

Figure 2 | ST-FMR and Effective Magnetization for LSMO/SIO bilayer. a, ST-FMR for sample LSMO (50 

UC)/SIO (22 UC) at 4GHz. The external magnetic field is oriented at 45° with respect to the current 

direction. Open black squares indicate spin mixing voltage. The red line is a fit to the spin mixing voltage 

data while the blue and purple curves indicate extracted symmetric and anti-symmetric spin mixing 

voltages, respectively. b, Effective magnetization,𝑀eff, extracted from ST-FMR measurements, for LSMO 

(50 UC)/SIO (X UC) as a function of SIO thickness. The green dotted band indicates the saturation 

magnetization, 𝑀s, for 50 UC LSMO measured using vibrating sample magnetometry. The solid red line is 

a guide to illustrate the thickness dependent 𝑀eff transition. c, The ratio of 𝑀eff/𝑀s as a function of SIO 

thickness. The red solid squares and blue solid triangles indicate LSMO (50 UC)/SIO (X UC), SIO (X UC)/CoFe 

(3.5 nm)/Al systems, respectively. d, 𝑀eff and 𝑀s for LSMO (X UC)/SIO (10 UC) as a function of LSMO 

thickness. The blue and red solid squares indicate 𝑀eff and 𝑀s, respectively. The inset shows 𝑀eff - 𝑀s as 

a function of 1/(𝑀s𝑡LSMO). 

 

Figure 3|SOT Efficiency for LSMO/SIO. SOT efficiency as a function of SIO thickness is shown, with LSMO 

thickness fixed at 50 UC. The red solid squares represent SOT efficiency estimated by Eq. (3) for LSMO/SIO 

system. The red line is a guide to the eye. The blue solid squares indicate SOT efficiency for LSMO/SIO 

estimated by the modified Eq. (3)- 𝜉|| =
S

A
(

e

ħ
)μ0𝑀efftFMdNM√1 +

μ0𝑀eff
H0

⁄  (4). The blue dashed line is 

a guide to the eye. The pink open triangles indicate SOT efficiency for SIO/Py[32]. The pink solid line is a 

guide for SIO/Py. 
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