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ABSTRACT 

Topological insulators are intriguing materials in the field of spintronics because they exhibit 

unique electronic properties that hold great promise for device applications. BiSb has attracted 

more research interest among topological materials due to its remarkably high spin-orbit torque 

(SOT) efficiency. However, due to the low melting point of the alloy, high diffusivities of Bi/Sb 

tend to degrade the SOT efficiency with temperature and aging. In this work, we utilize 

interfacial chemistry driven by a titanium (Ti) spacer between BiSb/NiFe bilayers to improve 

the SOT efficiency. We investigated the effect of the Ti insertion layer on the SOT efficiency 

in as-deposited, room-temperature aging, and annealing conditions. The SOT efficiency, 

estimated from the spin-torque ferromagnetic resonance response, revealed that the samples 

with the Ti layer had shown a multi-fold increase in the SOT efficiency compared to those 

without Ti insertion. Atomic resolution microstructural analyses provided a clear understanding 

of the interfacial chemistry where the Ti successfully hindered the interdiffusion of Ni and Sb. 

The interfacial chemistry in the vicinity of Ti contributed significantly to the improvement of 

the SOT efficiency. These results highlight the importance of the Ti insertion layer in the BiSb-

based topological material/ferromagnet bilayer systems for SOT applications in spintronics. 
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INTRODUCTION 

Topological insulators (TIs) are a compelling class of materials characterized by an insulating 

bulk bandgap and topologically protected gapless topological surface states (TSS).1 The 

presence of Dirac points in their band structure endows TIs with exceptional surface 

conductivity,2–4 making them versatile candidates for applications in various fields, including 

quantum computing, topological photonics, energy-efficient electronics, and more importantly 

in the field of spintronics.5,6 The importance of TIs to spintronics lies in their properties to 

enable efficient spin transport, manipulation, and detection, which is fundamental to the 

development of advanced spin-based devices with notable energy efficiency, enhanced 

performance and functionality.7 Within the realm of spintronics, the emergence of spin-orbit 

torque magnetic random access memories (SOT-MRAMs) and SOT readers beyond 4 Tb/in2 

magnetic recording technology has garnered extensive attention for the potential as an energy-

efficient solution for neuromorphic computing and data storage.8–11 In SOT-based devices, the 

most important layer is the spin Hall layer, which converts charge current to spin current 

through a phenomenon known as the spin Hall effect (SHE); and vice versa, i.e., spin flow is 

converted to charge current through the inverse spin Hall effect (ISHE).9,12,13 Beyond 

conventional heavy metals,14,15  some of the topological materials have been studied as spin -

to-charge conversion systems in the SOT devices, such as BiSb,16,17 Bi2Se3,
18–20 and Bi2Te3,

21 

which exhibit high spin Hall angles (SHAs) or SOT efficiencies due to their strong spin-orbit 

coupling and topological electronic structures.  

     In the SOT technologies, however, the SOT efficiency and the conductivity of the spin Hall 

material play a major role in determining the device performance.22–24 Despite the remarkable 

SHA values exhibited by TIs, their widespread utilization in spintronics is impeded by certain 

challenges. Notably, difficulties in deposition and low bulk conductivity have limited the 

applications of TIs, such as SOT-MRAMs, in thin film development using industrially 
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employed sputtering deposition techniques on Si/SiO2 substrates.25 Previous reports indicate 

that the deposition of TIs is challenging due to their low melting point, leading to high 

deposition rates and the formation of non-uniform films with elevated roughness.5,26–28 Among 

the various TIs, BiSb has gained much attention due to its large efficiency of spin-charge 

conversion and relatively high conductivity due to its particular TSS.17 BiSb typically 

crystallizes in a rhombohedral A7 crystal structure with a specific ordered arrangement of Bi 

and Sb atoms, as shown in Figure 1(a). However, the low melting point of the BiSb alloy29 

raises concerns about Bi/Sb diffusion and phase separation, which could compromise SOT 

efficiency during annealing and even room temperature (RT)  aging.30,31 Also, the TSS of BiSb 

thin films was reported to be significantly affected by the selection of adjacent layers.27,32–34 To 

date, it still remains a critical aspect requiring further investigation of the phenomenon of 

interdiffusion in BiSb alloy with neighbouring layers and interface chemistry to fully exploit 

the potential of BiSb based heterostructures for spintronic applications. 

 

Figure 1. (a) Rhombohedral crystal structure of BiSb alloy; (b) Schematic representation of 

the multilayer stack of BiSb/Ti/NiFe, the photo image of coplanar waveguide device and the 

schematic of ST-FMR measurement set-up. 

     In this work, we have prepared conductive topological BiSb thin films with a ferromagnetic 

(FM) top layer of NiFe, investigated the effect of interfacial diffusion with and without a Ti 

insertion layer on the SOT efficiency under deposition, RT aging, and annealing conditions, 



4 
 

and further analysed the detailed atomically resolved microstructures. Notably, the inclusion 

of a Ti spacer layer resulted in a significant enhancement of SOT efficiency in the as-deposited 

state. Intriguingly, this efficiency improvement persisted in the same sample after 45 days of 

RT aging and annealing at 400 K. This phenomenon can be understood as the modification of 

surface states through rearrangement of atoms and improved crystallinity of the BiSb layer. 

The microstructure analyses offered valuable insights into interface interdiffusion and the 

formation of compounds. 

EXPERIMENTAL SECTION 

    Sapphire (c-plane) substrates were employed for the growth of BiSb thin films. The 

substrates were cleaned using the conventional cleaning process followed by the 1000 oC 

annealing in a furnace. Thin films were grown from a Bi85Sb15 alloy target using DC magnetron 

sputtering. The composition of the deposited BiSb films was confirmed to be Bi86Sb14 by 

inductively coupled plasma analysis. All the depositions were done at RT. The growth process 

was carefully optimized to consider the fact that BiSb is highly susceptible to island growth. 

Thicknesses of the films are estimated using X-ray reflectivity measurements. Deposition rate 

of the BiSb is achieved to be 0.6 nm/s. Structural characterization of the BiSb films involved 

in-situ reflection high energy electron diffraction (RHEED) and X-ray diffraction (XRD). 

Atomic force microscopy (AFM) was utilized to capture the morphology of the films. 

Saturation magnetization of the stacks was extracted using a vibrating sample magnetometer 

(VSM) by carrying out the measurements in the in-plane (magnetic field) configuration. Four-

probe resistivity measurements were conducted to understand the topological insulating nature 

of the BiSb films. Two stacks of BiSb/NiFe and BiSb/Ti/NiFe were deposited for a comparative 

study on the SOT efficiency. Coplanar wave guide devices were developed using conventional 

UV lithography to characterize SOT efficiency using spin-torque ferromagnetic resonance (ST-

FMR). Figure 1(b) illustrates the schematic representation of the device stack, the spin transfer 
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in the structure, the image of one device, and ST-FMR set up. We have considered 3 conditions 

for the samples S1 and S2, i.e., as-deposited, room temperature aged (45 days) and annealed 

(400 K). High-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) with energy dispersive X-ray spectroscopy (EDS) observations were carried for both 

as-deposited and annealed conditions of S1 and S2 samples to image the microstructures and 

observe the elemental distribution in the stacks. STEM investigation utilized the Titan G2 80–

200 (FEI) at 200 kV, and cross-sectional STEM specimens were fabricated using the standard 

lift-out method with focused ion beam (FIB) and scanning electron microscopy (SEM) system 

Helios 5UX. 

RESULTS & DISCUSSION 

Characterization of the structure and resistivity of BiSb thin films 

     Figure 2(a) shows the RHEED pattern acquired immediately following the deposition of an 

8 nm thick BiSb film. It reveals that the film was grown in the semi-polycrystalline regime, as 

evidenced by the distinctive semicircular arc-like features in the RHEED pattern. Subsequent 

annealing at 400 K induces discernible streaks in the RHEED pattern, as illustrated in Fig. 2(b), 

signifying an enhancement in crystallinity and the epitaxial growth of the BiSb thin film. The 

AFM image portrays the surface morphology of the BiSb film, with an estimated average 

roughness of 0.7 nm, indicating a remarkably flat film surface, as depicted in Fig. 2(c). The 

distinctive properties of the TSS in the BiSb thin films are elucidated through thickness-

dependent resistivity measurements. Theoretically, TIs possess a bulk band gap akin to an 

insulator but with topologically protected conducting surface states. Consequently, with 

increasing the thickness of TIs, the insulating bulk contribution to the overall resistivity 

escalates. This phenomenon is observed in our BiSb films, where the resistivity demonstrates 

an incremental trend with film thickness (8, 10, 12 nm), as illustrated in Fig. 2(d). For the 4-

nm thick film, a relatively elevated resistivity is noted, possibly attributable to the increased 
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roughness of the film and the compromised surface state in the thin thickness regime. The 

measured minimum resistivity stands at 534 µΩ·cm, comparable to the values from prior 

studies.26 The phase identification of the BiSb films was conducted via XRD measurements. 

Figure 2(f) shows XRD patterns of BiSb films with thicknesses of 4, 8, and 12 nm, respectively. 

In addition to diffraction peaks from the Al2O3(0001) substrate, peaks corresponding to (003), 

(006), and (009) lattice planes of BiSb emerge in the XRD results for BiSb (8 nm) and BiSb 

(12 nm). This is consistent with the epitaxial relationship between BiSb and sapphire substrates 

along the 0001 direction with a lattice mismatch of −4.9%. Conversely, the BiSb (4 nm) film 

exhibits weak intensity and a deteriorated texture, which could contribute to the heightened 

resistivity observed in the sample. These results suggest the existence of robust topological 

surface states in the BiSb films, particularly in films thicker than 8 nm, consistent with previous 

reports.25 
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Figure 2. RHEED patterns of (a) as-grown and (b) 400 K annealed Al2O3//BiSb(8 nm), (c) 

AFM image capturing the surface morphology of Al2O3//BiSb(8 nm), (d) Resistivity as a 

function of BiSb thickness, showing the emergence of TSS (shaded region), (e) XRD of BiSb 

thin films with different thicknesses (4, 8, 12 nm). The measured samples in (c-e) are annealed. 

Evaluation of SOT efficiencies 

     In order to investigate the SHE of the BiSb thin films, we grew a NiFe layer on the BiSb 

film, allowing for the assessment of SOT efficiency through ST-FMR measurements. 

Furthermore, we study the effect of interface on the SOT efficiency by introducing a Ti layer 

between BiSb and NiFe, as Ti is commonly employed in SOT heterostructures such as 

CoFeB/Ti and Co2MnGa/Ti. The detailed stack structures are Al2O3(0001)//BiSb (8 nm)/NiFe 

(15 nm)/Cap for sample S1 and Al2O3(0001)//BiSb (8 nm)/Ti (2 nm)/NiFe (15 nm)/Cap for 

sample S2. XRD patterns of the samples S1 and S2 are presented in the Fig. S1 in the supporting 

information, which highlight the Ti spacer layer promotes the quality of BiSb in the entire 

stacks.  

In ST-FMR measurements, the spin current generated by in the BiSb layer exerts a torque on 

the adjacent FM layer and excites magnetic precession, inducing a DC voltage signal through 

ferromagnetic resonance dynamics, which can be used to quantitatively evaluate the SOT 

efficiencies of these samples. Recent studies by Jiang et al. have shown a contribution of spin-

torque-like signal from substrates in the ST-FMR measurements due to the rf current shunting 

into the substrate with high relative permittivity.35 In our study, we employed an Al2O3(0001) 

substrate, which has a very high resistivity compared to the BiSb (8 nm) and a low permittivity, 

thus avoiding as much as possible any artifacts caused by the substrate in the measurements. 

Figure 3(a) shows the ST-FMR spectra for S1(as-deposited) at frequencies from 8 to 16 GHz 

and φ = 45°. Each spectrum is a combination of symmetric (S) and asymmetric signals (A) 

originating from the SOTs and Oersted field, respectively. Linewidth (Δ), resonance field (Ho), 
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symmetric and asymmetric voltage signals are extracted by fitting the ST-FMR spectra using 

the following equation36, 

𝑉 𝑚𝑖𝑥= S 
𝛥2

𝛥2+(𝐻𝑒𝑥𝑡−𝐻0 )2 + 𝐴 
𝛥(𝐻𝑒𝑥𝑡−𝐻0 )

𝛥2+(𝐻𝑒𝑥𝑡−𝐻0 )2.               (1) 

A typical fitting result based on Eq. (1) is shown in Fig. 3(c), where the frequency is 12 GHz. 

The estimation of damping constant (α) using the linewidth dependence of frequency through 

Δ = (2πα/γ)f + Δo is shown in Fig. 3(c), where γ is the gyromagnetic ratio and Δo is the 

inhomogeneous linewidth broadening. The demagnetization field (4πMeff) of the sample was 

extracted using the Kittel formula, i.e., f = (γ/2π)√𝐻𝑜(𝐻𝑜 + 4𝜋𝑀𝑒𝑓𝑓), as shown in Fig. 3(d). 

The α and 4πMeff were obtained to be 0.0052 and 10428 Oe, respectively. Further, the ST-FMR 

spectra were measured by changing the magnetic field direction at a constant frequency of 12 

GHz to investigate the angular dependence of S and A. In Figure 3(e) and 3(f), both S and A 

follow the form of sin(2φ)cos(φ), which is consistent with previous works.6 ST-FMR 

measurements have also been carried out to the sample S2 (as-deposited). Figure 4(a) shows 

the ST-FMR spectra of S2 from 8 to 16 GHz. Δ, Ho, S and A are extracted by fitting the obtained 

spectra using Eq. (1) as shown in Fig. 4(b). A clear difference has been observed in the S/A 

ratio between S2 and S1. Estimation of the damping constant and the demagnetization field are 

shown in Figs. 4(c) and 4(d), respectively, resulting in α = 0.0054 and 4πMeff = 10840. Figures 

4(e) and 4(f) show the φ dependence of S and A, respectively, and they are also well-fitted by 

sin(2φ)cos(φ). Similar measurements and analyses were done for the samples S1(RT aged, 

annealed) and S2 (RT aged, annealed). 
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Figure 3. (a) ST-FMR spectra of S1(as-deposited), (b) A typical ST-FMR spectrum at 12 GHz 

with decomposed symmetric and anti-symmetric components using Eq. (1), (c) Linewidth of 

the ST-FMR spectra as a function of frequency and linear fit, (d) Resonance field (Hres) vs. 

frequency, and the solid line is the fit using the Kittel formula, (e) and (f) Angular dependencies 

of the symmetric and asymmetric components, fitted with sin(2φ)cos(φ) fits, respectively. 

 

Figure 4. (a) ST-FMR spectra of S2 (as-deposited), (b) Decomposed symmetric and anti-

symmetric components Symmetric of the ST-FMR spectrum at 12 GHz, (c) Linewidth of the 

ST-FMR spectra vs. Frequency, and the linear fit, (d) Hres vs. Frequency, and the Kittel fit, (e) 

and (f) Angular dependence of the S and A with sin(2φ)cos(φ) fits, respectively.  
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     We further quantitatively evaluate the SOT efficiencies for these samples using the 

following equation36,  

𝜉𝑆𝑇−𝐹𝑀𝑅 =  
𝑆

𝐴

𝑒𝜇𝑜𝑀𝑠𝑑𝐵𝑖𝑆𝑏𝑡𝑁𝑖𝐹𝑒

ћ
 √1 +

4𝜋𝑀𝑒𝑓𝑓

𝐻𝑜
.             (2) 

Here, dBiSb is the thickness of BiSb, Ms is the saturation magnetization obtained from the 

magnetic hysteresis loops measured by VSM in Fig. S2 of the supporting information, and tNiFe 

is the thickness of NiFe. The SOT efficiency in the case of S2 is achieved to be 0.84, which is 

around four times higher than 0.24 of the sample of S1 in the as-deposited condition. This 

enhancement could be understood as the Ti spacer layer protects the surface states of BiSb and 

eliminates the possibility of interdiffusion between BiSb and NiFe. Furthermore, we calculated 

the SOT efficiencies for the samples after RT aging for 45 days and post annealing at 400 K. 

Figure 5 shows the SOT efficiency values of all the conditions (i.e., as-deposited, RT aged, 

annealed) from S1 and S2 for comparison. Interestingly, the SOT efficiency of the sample S2 

increases to 1 after aging and further increases to 1.2 after annealing, while the SOT efficiency 

of the sample S1 remains almost constant after aging and decreases after annealing. During 

aging and annealing, the rearrangement of the Bi and Sb atoms within BiSb layer may occur 

and improve the crystallinity and spin orbit coupling strength of the BiSb, which can in turn 

increase the SOT efficiency compared to the as-deposited case. Meanwhile, the insertion of Ti 

spacer layer in the sample S2 may hinder the atomic interdiffusion between the BiSb layer and 

the neighbouring NiFe layer. Whereas, for the sample S1 without Ti insertion layer, the 

diffusion between BiSb and NiFe may become severe after aging and annealing, thus affecting 

the SOT efficiency. Detailed microstructural analyses of the samples are shown in the following 

section.  
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Figure 5. SOT efficiencies of samples S1 and S2 in as-deposited, RT aged, and annealed 

conditions, showing the comparison between S1 and S2 and the trend of SOT efficiency in 

different conditions. 

Microstructural and elemental analysis 

    Cross-sectional STEM observations have been performed for the samples S1 and S2 of as-

deposited and annealed conditions to understand and correlate the microstructure to the SOT 

efficiency. Figures 6(a) and 6(b) show the HAADF-STEM images of sample S1 in the as-

deposited state and after annealing, respectively, which demonstrates the polycrystalline nature 

of BiSb in the case of S1 without a Ti spacer layer. After annealing, it is shown that there is a 

slight improvement in the crystallization of BiSb. A further improvement in crystallinity is 

observed in the HAADF-STEM images of sample S2 with Ti spacer layer from as-deposited 

to annealed, as shown in Figures 6(c) and 6(d). In particular, the BiSb layer in sample S2 under 

the annealing condition is more oriented/epitaxial compared to the samples under other 

conditions. We note that the crystal orientations of BiSb layers seem to be changed after 

annealing, especially for the case of the S2 sample. To clarify this, we extracted Fast Fourier 

Transform (FFT) patterns from the HAADF-STEM images, as shown in Fig. S3. The FFT 

patterns show that the differences come from different orientations in the TEM observations. 

While the difference in the S1 sample is due to different grains. The HAADF-STEM images 
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of the wider regions are shown in Fig. S4 of the supporting information, which also 

demonstrates the clear difference in terms of the crystalline quality of the BiSb layer between 

S1 and S2 in the as-deposited and annealed conditions. 

Figure 6. HAADF-STEM images of sample S1 (a) as-deposited and (b) annealed, and sample 

S2 (c) as-deposited, (d) annealed. EDS line profiles of sample S1 (e) as-deposited and (f) 

annealed, showing the interdiffusion of Ni, Sb, and Bi; (g) S2(as-deposited) and (h) 

S2(annealed) showing Ti as a diffusion barrier. 

     Figures 6(e-h) show the line profiles of STEM-EDS results for all the samples. Line profiles 

shown in Fig. 6(e) indicate a significant diffusion of Ni into the BiSb layer for the as-deposited 

sample S1. After annealing, the Ni diffusion becomes more pronounced as shown in Fig. 6(f). 

The diffusion of Ni can be understood as a result of the relatively high interatomic affinity of 

Ni with Bi and Sb. The phase diagrams of Ni-Bi and Ni-Sb show several regions of stable 

compounds between Ni and Bi, as well as Ni and Sb, at certain compositions 37,38, which 

suggests that the free energy for the formation of such compounds is responsible for the 

diffusion of Ni into the BiSb layer. The diffusion of Ni into BiSb could eventually destroy the 

topological insulating nature of the BiSb as this alters the composition of Bi and Sb which is 

essential for the existence of the topologically protected surface states. Thus, the destruction of 

topological properties due to the Ni diffusion leads to the reduction in SOT efficiency of the 
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sample S1. Figures 6(g) and 6(h) show the elemental distributions in sample S2 (as-deposited 

and annealed) with Ti insertion layer. The elemental line profiles indicate that there is almost 

no diffusion of Ni into BiSb in both the as-deposited and annealed conditions, different from 

the situation for S1. Interestingly, we have observed a complex interface with the presence of 

Bi, Sb and Ni in the vicinity of Ti spacer layer. The formation of such interface could be due to 

the high chemical affinity of the elements according to the phase diagrams of Ti-Bi (Ti-Sb) 

where there are several stable alloying phases at some particular compositions, and thus these 

elements are more inclined to form alloying compounds at interfaces rather than solid solutions. 

The Ti insertion layer suppressed the diffusion of Ni into the BiSb layer, which also led to the 

high crystallinity of BiSb, especially after annealing, as shown in Fig. 6(d). By suppressing 

interdiffusion and improving crystallinity through the interfacial chemistry effect in the sample 

S2, the spin-orbit coupling arising from the topological electronic states could be preserved, 

resulting in robust spin transport and significantly increasing the SOT efficiency.  

Regarding how the aging could enhance the spin transfer in both S1 and S2 heterostructures, 

we note that it is known that the sputtering process induces stresses in the thin films, depending 

on the mismatch between the substrate and the film, and the deposition rate, etc. In the case of 

alloys with low melting points, these stresses induced during the deposition tend to act as the 

driving force for the movement of species such that the overall system(film) comes to a stable 

minimum energy state. For samples S1 and S2 in aging condition, Bi and Sb move within the 

film and rearrange to form a stable phase with profound crystallinity, resulting in improved 

spin transport. In the case of an annealed sample of S2, as shown in Figure 6(d), the BiSb 

attains an epitaxial arrangement of atoms. As the crystallinity increases, the spin-orbit coupling 

strength of BiSb increases and the spin-charge conversion efficiency increases accordingly. 

Since profound crystallization is achieved by the annealing process, the annealed samples don’t 

show a similar aging effect. We also note that BiSb alloys have been reported to exhibit the 



14 
 

quantum spin Hall effect (QSHE)39,40, and the deposition of a ferromagnetic layer on a BiSb 

film may break the time-reversal symmetry at the interface and degrade the metallic state of 

BiSb41. Taking these into account, the SOT efficiency in our material systems may also partially 

originate from interfacial effects42,43 and extrinsic scattering mechanisms44 induced by the 

complex compounds at the interface due to interfacial chemistry. 

CONCLUSION 

In summary, we fabricated textured BiSb thin films and incorporated a Ti insertion layer in the 

BiSb/NiFe heterostructures. The investigation of SOT efficiencies was conducted across 

samples with and without Ti insertion, spanning as-deposition, RT aging, and annealing 

conditions. Remarkably, the sample featuring Ti insertion exhibited a significantly elevated 

SOT efficiency of approximately 1.2, surpassing that of the BiSb/NiFe without a Ti spacer 

layer by a factor of 4. Microstructural analyses revealed that the interface chemistry near the 

Ti spacer layer played a crucial role in impeding the interdiffusion of Bi/Sb and Ni atoms. This 

phenomenon can be attributed to the high interatomic affinity between these elements. 

Additionally, the crystallinity of the BiSb layer was notably enhanced in the Ti-inserted sample. 

These findings offer valuable insights into the intricate interfacial microstructures, 

underscoring the pivotal role of the Ti spacer layer in preserving the topological electronic 

states of BiSb and enhancing SOT efficiency. This study may pave a way for the realization of 

the practical application of BiSb-based topological materials in the field of spintronics. 
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