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ABSTRACT
Interlayer engineering is crucial for achieving efficient spin–orbit torque (SOT) generation in topological insulator (TI)/ferromagnet–based heterostructures. In this work, we investigated the impact of semiconducting and intermetallic interlayers, i.e., Ge, NiAl, and NiFeGe on SOT efficiency in topological BiSb/CoFeB heterostructures. Through comprehensive structural and transport analyses, we demonstrate that the Ge interlayer significantly enhances the performance. The insertion of a 1 nm-thick Ge layer significantly improves the crystallinity and orientation of BiSb, suppresses interfacial interdiffusion, and achieves a very low magnetic damping constant (αeff ~ 0.006). The optimized BiSb/Ge/CoFeB structure exhibits an enhanced SOT efficiency of ~50%, surpassing the performance of heterostructures without an interlayer, as well as those with NiAl or NiFeGe interlayers, which suffer from higher damping or reduced efficiency. Furthermore, we revealed that Ge thickness critically influences interfacial transparency, with excessive thickness degrading SOT efficiency. These findings establish Ge as an optimum interlayer material and indicate the importance of precise interface engineering to maximize charge-spin conversion in TI-based spintronic devices, paving the way for next-generation energy-efficient technologies.
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I. INTRODUCTION
The discovery of topological insulators (TIs) has profoundly advanced the field of condensed matter physics by establishing an exotic quantum phase of matter featuring topologically protected gapless surface states and an insulating bulk state.1,2 The topological surface states, exhibiting spin-momentum locking and described by massless Dirac fermions, enable dissipationless spin transport, making TIs particularly appealing for applications in spintronics and low-power nanoelectronics devices.3–6 In particular, their potential to generate strong spin–orbit torques (SOTs) provides a promising route toward efficient, nonvolatile memory devices such as SOT-magnetoresistive random access memories (MRAMs), which require materials with large spin Hall angles.7–9 Beyond memory applications, TIs have also emerged as promising candidates for magnetic field sensors.10,11 In TI/ferromagnet (FM) heterostructures, the robust spin-charge interconversion within TIs enables effective transduction of magnetic field-induced magnetization modulation into electrical signals, thereby offering enhanced performance compared to conventional heavy metal/FM-based devices. 
TIs are categorized based on symmetry protections and surface state characteristics, such as Dirac cone dispersion and mirror symmetry, into various types, including three-dimensional strong TIs and magnetic TIs.12–14 Among the candidate TI materials for spintronic applications, Bi1-xSbx (BiSb) alloys with Sb concentration x typically below 20% have garnered significant interest due to their large SOT efficiency, tunable electronic band structure, and compatibility with conventional sputtering deposition techniques.15,16 Figure 1(a) shows the schematic illustration of the atomic arrangement and the topological band structure of BiSb. Nevertheless, integrating BiSb into practical SOT device architectures remains a considerable challenge.17 The low melting point and high reactivity of BiSb lead to interfacial interdiffusion during thin-film deposition and subsequent thermal processing, especially when in contact with FM layers18,19. Such intermixing degrades the topological surface states and diminishes spin–charge conversion efficiency. To address these challenges, recent studies have focused on interface engineering using interlayers, which serve multiple roles in TI/FM heterostructures. Interlayers can act as diffusion barriers to suppress interfacial reactions, stabilize the structural and chemical interface, and improve the crystallinity and spin transparency of the system. 20–25 These effects are crucial for preserving topological surface states and enhancing SOT performance. 
Experimental efforts have demonstrated the effectiveness of various interlayers in modulating interfacial properties and spin–charge conversion. For example, the use of Ru as an interlayer in (Bi,Sb)2Te3/CoFeB structures was found to yield higher spin-charge conversion efficiency than Ti.20 In BiSb/Co stacks, introducing Pt was shown to promote (012)-textured BiSb growth, thereby enhancing SOT efficiency and improving spin transparency at the interface.21 In another study on Bi2Se3/CoFeB heterostructures, inserting a thin Ag layer led to nearly a threefold enhancement in spin–charge conversion compared to configurations without Ag.22 Recent research has also extended to hybrid metal-oxide interlayers, such as NiFeGe/Mg(Ti)O in BiSb/CoFe based systems, which offer added flexibility in tuning interface properties.23 Other approaches have explored combining multiple metallic interlayers, such as Ru(Ti) with Ta, to enhance spin current generation and injection in BiSb/CoFeB/MgO heterostructures.24 Investigations into thermal stability have also shown that Ti interlayers can mitigate interface degradation during annealing and aging, while simultaneously preserving SOT characteristics in BiSb/NiFe heterostructures.25 These studies collectively emphasize the importance of interlayer selection in tuning band alignment and interfacial electronic structures. A suitable interlayer can act as an electronic bridge between the TI and FM layers, facilitating large spin current generation, efficient spin injection, and enhanced SOT efficiency. In the meantime, a critical consideration is the trade-off between the spin transparency and electrical conductivity of the chosen interlayers. Metallic interlayers may introduce parasitic current shunting under in-plane bias, thereby undermining the signal contribution from the topological surface states. Conversely, insulating or oxide-based interlayers can effectively suppress shunting, but often at the cost of attenuated spin transmission. This dichotomy motivates the exploration of semiconducting and intermetallic interlayers as promising alternatives, offering a balanced platform that preserves spin transport while maintaining sufficient electrical isolation to utilize the potential of topological surface states fully. To date, a systematic comparison of different classes of interlayers under identical fabrication conditions remains limited.
In this work, we investigate Ge, NiAl, and NiFeGe as representative semiconducting and intermetallic interlayers designed to meet requirements of balanced electronic conductivity, chemical stability, and structural compatibility with sputtered BiSb and CoFeB. Through comprehensive structural and transport characterizations, we assess how these interlayers affect crystal structure, SOT efficiency, and magnetic damping. This comparative approach enables a consistent evaluation of interfacial transport within a unified material platform. Among them, Ge emerges as the most effective interlayer, and its thickness optimization further reveals the conditions for achieving superior spin transport. These findings provide interface-engineering guidelines for enhancing SOT efficiency in TI-based heterostructures and support the development of advanced SOT technologies using topological materials.
II. EXPERIMENTAL PROCEDURES
Two sets of samples were deposited in a DC magnetron sputtering system. The first set of samples consists of the following stack: Al2O3(0001) substrate//BiSb (10)/interlayer (1)/CoFeB (15)/Ti (1) (unit: nm), where interlayer represents Ge, NiAl, or NiFeGe. In the second set, the stacks are Al2O3(0001) substrate//BiSb (10)/Ge (tGe)/CoFeB (15)/Ti (1) (unit: nm), where the Ge interlayer thickness (tGe) varies from 0 to 4 nm in 1 nm increments. All films were deposited at room temperature. The  Al2O3(0001) substrate was pre-baked at 1000 °C for 1 h in a muffle furnace to improve surface structures. A single alloy target of Bi85Sb15 was used for the BiSb deposition. The deposited BiSb film composition was confirmed to be Bi86Sb14 by inductively coupled plasma optical emission spectrometry. The surface crystal structure and morphology of each layer were qualitatively examined using in-situ reflection high-energy electron diffraction (RHEED). To further investigate the crystal structure and orientation, X-ray diffraction (XRD) was used. Magnetic characterization was performed using vibrating sample magnetometry (VSM) to determine the saturation magnetization (Ms). To evaluate the SOT efficiency, a spin-torque ferromagnetic resonance (ST-FMR) setup has been employed, as illustrated in Fig. 1(b). A lock-in amplifier, combined with an RF signal generator utilizing an amplitude modulation (AM) technique, was used to detect the output DC mixing voltage. The samples were patterned into microscale bar devices (10×40 μm2) using maskless UV lithography and integrated with coplanar waveguide (CPW) structures in a ground–signal–ground (GSG) configuration for probing, as shown in the microscopy image in Fig. 1(b). 
[image: ]

FIG.1. (a) Schematic illustration of the crystal structure model and topological band structure of BiSb. (b) Schematic representation of the ST-FMR measurement setup accompanied by a microscopy image of a microfabricated BiSb/interlayer/CoFeB device.

III. RESULTS AND DISCUSSION
Figure 2 presents a comparative analysis of the crystalline quality of the BiSb film and its upper interlayers, i.e., Ge, NiAl, and NiFeGe, evaluated using in-situ RHEED and ex-situ XRD measurements. The RHEED pattern of the BiSb surface grown directly on an Al2O3(0001) substrate, as shown in Fig. 2(a), exhibits clear streaks and ring features that indicate a textured polycrystalline growth mode. Figures 2(b)-(d) display the RHEED patterns of the respective interlayers deposited on the BiSb layer. Among these, the NiAl surface exhibits the brightest diffraction spots, reflecting the favorable surface crystallinity of NiAl. In contrast, the NiFeGe interlayer produces more diffuse ring features, suggesting an amorphous-like surface structure, while the Ge interlayer shows distinct ring patterns characteristic of polycrystalline Ge with a textured growth mode.
To further assess the crystal orientation, XRD measurements with an out-of-plane scan were performed, as shown in Fig. 2(e). The diffraction patterns of the full BiSb/interlayer/CoFeB stacks reveal the presence of BiSb(003), (006), and (009) reflections, confirming textured growth along 001 orientation for all the samples. Remarkably, the BiSb/Ge/CFB sample exhibits significantly stronger peak intensities compared with the other interlayer samples, indicating enhanced crystallinity of the BiSb. In contrast, the BiSb/NiAl/CFB and BiSb/NiFeGe/CFB films show reduced peak intensities, implying a lower degree of structural texture. A distinct BiSb(012) peak emerges in the NiFeGe interlayer based sample, which indicates the interlayer also influences crystal orientation. Figure 2(f) summarizes the variation in BiSb(006) peak intensity and its full width at half maximum (FWHM) for the different interlayer samples. The Ge and NiAl interlayers yield lower FWHM values, indicating larger BiSb grain sizes than the NiFeGe-interlayer sample. Meanwhile, the relative intensity profile highlights the Ge interlayer as the most effective in promoting high-quality BiSb growth, as evidenced by its highest diffraction peak intensity. Although BiSb is initially grown on the Al2O3 substrate, its relatively low thermal stability makes it susceptible to interfacial interdiffusion and structural relaxation during subsequent layer deposition, which can modify its crystallinity and preferred orientation. These results demonstrate that the selection of the appropriate interlayer plays a crucial role for dictating the crystallographic orientation and structural quality of the BiSb layer. Since crystallinity directly influences the electronic band structure, which in turn affects the intrinsic spin-charge conversion of BiSb, optimizing the interlayer is crucial for achieving superior performance in spintronic devices.
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FIG. 2. RHEED patterns for the surfaces of (a) BiSb layer, (b) Ge layer, (c) NiAl layer, (d) NiFeGe layer. (e) Out-of-plane XRD patterns for the full stacks of BiSb/interlayer/CoFeB. (f) FWHM and XRD peak BiSb(006) intensity.

[bookmark: _Hlk210662581]To evaluate the interlayer dependence of the SOT efficiency, we performed ST-FMR measurements on the BiSb/IL/CoFeB heterostructures. A microwave (radio-frequency) current was applied to a microfabricated bar device integrated with a CPW, where the BiSb layer generates an oscillating spin current via spin–orbit coupling. This spin current is injected into the CoFeB layer through the interlayer, exerting a torque on its magnetization and driving magnetization precession at resonance as described by the Kittel equation. The precessing magnetization modulates the device resistance through anisotropic magnetoresistance, and the mixing of the microwave current with the oscillating resistance produces a rectified DC voltage. By analyzing the amplitude and symmetry of this voltage, key parameters such as the SOT efficiency, effective magnetization, and damping constant can be quantitatively extracted. Representative ST-FMR spectra of the BiSb/Ge/CoFeB sample, recorded between 8 and 14 GHz, are shown in Fig. 3(a). The DC mixing voltage (Vmix ​) was measured while an external magnetic field was applied at 45° to the current direction. Each Vmix trace was fitted using the following equation:
,			(1)
[bookmark: _Hlk209713526]where  and  are the symmetric and antisymmetric Lorentzian components at the resonance frequency, and  and  denote the linewidth of the resonance signal and resonance field, respectively. Figure 3(b) shows a representative ST-FMR spectrum of the BiSb/Ge/CoFeB sample measured at 10 GHz, together with the fitting based on Eq. (1). The spectrum is well decomposed into symmetric and antisymmetric Lorentzian components. The overall fit exhibits excellent agreement with the experimental data. The extracted  values at each frequency are plotted as a function of the resonance frequency in Fig. 3(c). By employing the relation of , the effective Gilbert damping constant can be evaluated from the slope of the linear fit. Here,  represents the inhomogeneous linewidth broadening,  is the effective Gilbert damping, and   is the effective gyromagnetic ratio. For the BiSb/Ge/CoFeB sample,  is determined to be approximately 0.006. In Fig. 3(d), the resonance field  is plotted as a function of frequency to extract the effective magnetization value (Meff) using the Kittel equation . The extracted Meff value is 1289 emu/cm3 for the BiSb/Ge/CoFeB sample.
Figures 3(e) and 3(f) show representative ST-FMR spectra for the samples with NiAl and NiFeGe interlayers, respectively. These spectra were fitted with symmetric and antisymmetric Lorentzian components according to Eq. (1). From the frequency dependence of the linewidths,  and Meff were extracted to be 0.005 and 1381 emu/cm3 for the NiAl sample, and 0.024 and 1307 emu/cm3 for the NiFeGe sample, respectively. After obtaining the symmetric and antisymmetric components of the DC voltage, the SOT efficiencies of the samples were evaluated using the following equation:
		  	 ,		(2)
where  is the elementary charge,  refers to the vacuum permeability,  stands for saturation magnetization value, and  are the film thicknesses of the BiSb and CoFeB layers, respectively, and   is the reduced Planck’s constant. Using Eq. (2), the SOT efficiency was estimated to be approximately 50% for both the samples with Ge and NiFeGe interlayers, whereas the NiAl interlayer sample exhibited a lower efficiency of about 38%. Ni and Sb are prone to forming solid solutions at room temperature, which can result in complex interlayer structures that enhance surface scattering and reduce spin transparency.26 Therefore, the relatively large damping constant of the NiFeGe-based sample and the lower SOT efficiency observed for the NiAl-based sample can be attributed to such interfacial mixing effects. In contrast, Ge appears to be an appropriate interlayer material. As an intrinsic semiconductor with a small indirect band gap and weak spin–orbit coupling, Ge can help maintain a low damping constant in the CoFeB layer and promote diffusive spin-current transport from BiSb to CoFeB. 
We evaluated the current shunting effect using a modified expression for the SOT efficiency,27 and found that the extracted SOT efficiency can exceed 100% when current redistribution among the layers is taken into account. Therefore, the value of ~50% should be regarded as a conservative estimate (i.e., a lower bound) of the actual SOT efficiency. Although higher SOT efficiencies have been reported in other optimized systems,28,29 the present work emphasizes reproducible performance in sputtered heterostructures, where interface stability, reduced damping, and fabrication compatibility are equally critical. Manipulating magnetic moments via SOT, in combination with magnetic domain control techniques such as magnetic domain lithography, is important for the development of low-power and multifunctional devices based on artificial magnetic structures.30–32 The SOT efficiency achieved in the present BiSb system is within the range reported for topological material systems33–36 and is beneficial for the development of such SOT-driven multifunctional devices. Also, the comparable SOT efficiency observed for the Ge and NiFeGe samples, despite the higher damping in the NiFeGe case, indicates that these quantities are governed by different interfacial mechanisms. While SOT efficiency reflects spin current transmission across the interface, the enhanced damping in the NiFeGe case is attributed to increased spin pumping and magnetic relaxation. The low damping in the Ge case is beneficial for lowering energy dissipation during current-driven magnetization dynamics, which is advantageous for low-power SOT device operation. Meanwhile, the high damping in the NiFeGe case may facilitate faster switching in certain regimes. 
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FIG. 3. (a) ST-FMR spectra of the BiSb/Ge/CoFeB sample measured in the frequency range of 8–14 GHz. (b) A representative spectrum at 10 GHz for BiSb/Ge/CoFeB, decomposed into symmetric (red) and antisymmetric (blue) Lorentzian components with the corresponding total fit (black line). (c) Frequency dependence of the linewidth ΔH extracted from the ST-FMR spectra, used to evaluate the effective Gilbert damping. (d) Resonance field Hr as a function of frequency for BiSb/Ge/CoFeB, fitted with the Kittel equation to determine the effective magnetization Meff. (e, f) ST-FMR spectra at 10 GHz for BiSb/NiAl/CoFeB and BiSb/NiFeGe/CoFeB, respectively, shown with their symmetric (red) and antisymmetric (blue) Lorentzian components and total fits (black lines).

To further clarify the role of Ge as an interlayer, we investigated the dependence of the SOT efficiency on the Ge thickness (tGe​) in BiSb/Ge(tGe)​/CoFeB heterostructures. Figures 4(a) and 4(b) present representative ST-FMR spectra for the samples with tGe = 0 nm (i.e., without a Ge layer) and tGe = 4 nm, respectively, together with Lorentzian fittings. The extracted αeff​ and SOT efficiency as functions of tGe​ are summarized in Figs. 4(c) and 4(d). As shown in Fig. 4(c), a large Gilbert damping constant was observed for the sample without a Ge interlayer, which can be attributed to direct coupling between the BiSb and CoFeB layers and enhanced spin backscattering at the intermixed BiSb/CoFeB interface. The damping constant decreases with increasing Ge thickness and tends to saturate beyond approximately 2 nm, indicating reduced magnetic relaxation when a Ge spacer is inserted. The SOT efficiency (Fig. 4(d)) exhibits a non-monotonic dependence on tGe​: it increases from about 18% at tGe ​= 0 nm to a maximum of ~50 % at tGe ​= 1 nm, and then gradually decreases with further increasing tGe. In the absence of a Ge interlayer (tGe ​= 0 nm), the direct contact between BiSb and CoFeB disrupts the topological surface states of BiSb due to interfacial intermixing and magnetic proximity effects.37,38 Introducing a thin (~1 nm) Ge layer effectively suppresses this interfacial perturbation, preserving the topological surface states and enhancing spin transparency across the interface. However, when the Ge layer becomes thicker than a few nanometers, the interfacial spin transparency decreases, leading to partial attenuation of the spin current transmitted from BiSb to CoFeB. The reduced interfacial transparency across a thicker Ge spacer limits the torque efficiency observed in the ferromagnet. These results demonstrate that inserting an ultrathin Ge layer optimizes the interface quality and spin transmission, resulting in both a lower damping constant and a higher SOT efficiency. The optimal Ge thickness of approximately 1 nm provides the best balance between interface preservation and spin-current transmission in BiSb-based heterostructures. The correlation between SOT efficiency, damping behavior, and Ge thickness suggests improved spin transparency at the optimized thickness (~1 nm), supporting enhanced spin transmission across the interface.
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FIG. 4. (a, b) Representative ST-FMR spectra for BiSb/CoFeB (without Ge interlayer) and BiSb/Ge (4 nm)/CoFeB samples, respectively. The experimental data (open circles) are fitted using Eq. (1) with symmetric (red) and antisymmetric (blue) Lorentzian components, as well as the total fit (black lines).
(c) Dependence of the αeff​ on the Ge interlayer thickness (tGe​). (d) Corresponding change of the SOT efficiency (ξSOT​) as a function of tGe​.

IV. CONCLUSION
In summary, we have investigated the influence of semiconducting and intermetallic interlayers, i.e., Ge, NiAl, and NiFeGe, on the SOT efficiency of BiSb/CoFeB heterostructures. Structural analyses demonstrate that the Ge interlayer enhances the crystallinity of the BiSb layer and effectively suppresses interfacial interdiffusion. ST-FMR measurements reveal that the BiSb/Ge/CoFeB structure exhibits both a reduced magnetic damping constant (αeff ~ 0.006) and an enhanced SOT efficiency (~50%), outperforming the other interlayer configurations. Moreover, the thickness-dependent study indicates that a 1 nm-thick Ge layer provides optimal interfacial spin transparency, while thicker Ge spacers lead to reduced torque efficiency. These findings establish Ge as an optimal interlayer material for BiSb-based heterostructures and demonstrate that controlling the interlayer and thickness is essential for maximizing spin–charge conversion in topological insulator/ferromagnet systems. This study provides valuable insights into interfacial spin transport and paves the way toward the development of high-performance, energy-efficient spintronic devices based on topological insulators.
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