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Abstract 
Sb2Te3 is a layered material with properties of both a topological insulator and a phase-change material. In this study, to investigate the relationship between the spin current-to-charge current conversion efficiency of Sb2Te3 and its phase, we fabricated Sb2Te3/CoFeB bilayers with varying Sb2Te3 thicknesses. The electromotive force induced at both ends of the bilayer was measured as a result of scattering of the spin current injected into Sb2Te3 by spin pumping due to ferromagnetic resonance, so-called inverse Spin Hall effect (ISHE). Two different Sb2Te3 phases—crystalline and amorphous—were prepared, and the phase dependence of the ISHE was investigated. The ISHE of crystalline Sb2Te3 film exhibited a strong dependence with the thickness, whereas the amorphous phase showed only a minor variation with thickness. These findings contribute to the development of novel devices that exploit both charge and spin degrees of freedom in topological insulator-based spintronics applications.
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Introduction
Sb2Te3 is known to exhibit a reversible phase transition between the crystalline and amorphous phases by external stimuli such as electric or optical laser pulse. This transition leads to significant changes in physical properties such as optical reflectivity and electrical resistivity, making these materials suitable for use in optical disc recording layers and non-volatile phase-change memory (PCM) devices.[1,2] Meanwhile, the crystalline phase of these layered chalcogenides is also known as a topological insulator[3] and is expected to serve as a highly efficient charge-to-spin current converter due to their strong spin-orbit coupling (SOC).[4–6] In other words, layered chalcogenide materials possess both phase-change and spin-functional properties simultaneously. However, limited research has explored the relationship between spin properties and the crystalline phase. [7,8] 
Our previous study on Sb2Te3 demonstrated a clear correlation between the crystalline phase and the spin pumping effect by analyzing the linewidth of ferromagnetic resonance (FMR), which indicates the magnitude of the spin current flowing into Sb2Te3.[9]  However, it still remains unknown that the change in linewidth, which represents spin relaxation, is whether due to spin injection from the ferromagnet into Sb2Te3 or by exchange coupling [10,11] at the Sb2Te3/ferromagnet interface. To accurately assess Sb2Te3 as a spin source, direct electrical measurements are required. 
In this study, we measured the inverse spin Hall voltage of Sb2Te3 to investigate the relationship between the crystalline phase and its spin-to-charge current conversion efficiency. The inverse spin Hall voltage [6,12] is an electromotive force generated by the conversion of spin current into charge current via the spin-orbit interaction. In a bilayer structure comprising a spin Hall material and a ferromagnetic material, spin current is injected from the ferromagnetic layer into the spin Hall material through spin pumping induced by FMR [13-15]. This allows for the evaluation of spin current generation efficiency by measuring the resulting electromotive force. 
In recent decades, spin torque ferromagnetic resonance (ST-FMR) [16,17] has been widely used with bilayer films of ferromagnetic and target materials to assess spin generation efficiency. [5,18,19] However, our recent study revealed that the Sb₂Te₃/CoFeB heterostructure undergoes an interfacial reaction upon annealing at approximately 200 °C. Currently, it is well recognized that Te-based chalcogenide materials readily react with ferromagnetic transition metals, which may influence their spintronic properties. [20–22]
The ST-FMR method requires a micro-fabrication process that includes thermal treatment, making it challenging to maintain a pristine interface. Additionally, the high-frequency current flowing through the sample during ST-FMR measurements induces Joule heating, potentially promote further interfacial reactions particularly for chalcogenides with high-electrical resistance. 
To overcome these challenges, we employed inverse spin Hall effect (ISHE) measurements using spin pumping with a cavity method, which allows for evaluation without requiring device fabrication of the bilayer film.[6,12] In this study, we investigated the dependence of ISHE on the crystalline phase and thickness of Sb2Te3/CoFeB bilayers by systematically varying the Sb2Te3 film thicknesses in both crystalline and amorphous phases. This approach enabled us to explore the relationship between spin-to-charge current conversion efficiency and the crystalline phase.

Materials and Methods
Fig. 1(a) illustrates the schematic structure of the fabricated crystalline Sb2Te3/CoFeB stacked sample. The samples were prepared via radio frequency (RF) magnetron sputtering on thermally oxidized silicon substrates. Initially, a 3-nm-thick amorphous Sb2Te3 seed layer was deposited at 300 K. The sample was then heated to 503 K in the deposition chamber to induce crystallization of the amorphous layer, after which the remaining Sb₂Te₃ film was deposited at the same elevated temperature.[23] In contrast, amorphous Sb2Te3 samples were deposited entirely at room temperature without any post-deposition annealing. After cooling, a 5-nm-thick ferromagnetic Co40Fe40B20 film was deposited at room temperature, followed by the growth of a 3-nm-thick SiO2 protective layer. All deposition processes were conducted without breaking vacuum. The thicknesses of the crystalline Sb2Te3 films were 4, 5, 7, 10, 15, 20, 30, 40, and 50 nm, while the amorphous films had thicknesses of 4, 5, 7, 10, 20, and 50 nm.
As depicted in Fig. 1(b), the crystalline Sb2Te3 structure consists of a layered arrangement of Te-Sb-Te-Sb-Te atomic layers, held together by van der Waals forces. Fig. 1(c) presents the X-ray diffraction (XRD) patterns of crystalline Sb₂Te₃ samples. The identical peak positions regardless of the thickness, assigned to the 00l planes, confirm that all samples were successfully fabricated with high orientation. Fig. 1(d) shows the dependence of the full width at half maximum (FWHM) of the 0015 peak on Sb2Te3 film thickness. The FWHM increases as the film becomes thinner (inset of Fig. 1(d)), indicating successful crystallization into a layered structure, as FWHM is inversely proportional to crystal grain size according to the Scherrer equation [24]. 
In contrast, the amorphous samples, fabricated with the same stacking structure as the crystalline samples (inset of Fig. 1(e)), exhibited no diffraction peaks except for the Si substrate peak, as shown in Fig. 1(e). This confirms that Sb2Te3 films grown at room temperature exist in a disordered amorphous phase. XRD analysis thus validates that two distinct Sb₂Te₃ phases could be prepared: layered crystalline and amorphous.
Fig. 2(a) presents a schematic diagram of the inverse spin Hall measurement system. The inverse spin Hall voltage was measured using a lock-in technique with an alternating magnetic field modulated at 100 kHz. The sample was placed inside a TE₀₁₁ cavity and excited with microwaves at approximately 9.6 GHz. An external static magnetic field was swept in the in-plane direction of the sample to induce ferromagnetic resonance (FMR) in the CoFeB layer. 
At FMR, spin angular momentum is transferred from the CoFeB layer into the Sb2Te3 layer as a spin current through the spin pumping mechanism. This spin current is subsequently converted into a charge current via spin-orbit interaction within the Sb2Te3 layer, generating an electromotive force at both ends of the sample. This voltage was measured using a nanovoltmeter by connecting electrodes attached to both ends of the sample outside the cavity. Both FMR and ISHE measurements were conducted simultaneously on the same sample. All measurements were performed at room temperature, with a typical microwave power of 100 mW, except in cases where microwave power dependence was examined. 

Results and Discussion
Figs. 2(b) and 2(c) present the FMR spectra of crystalline and amorphous Sb₂Te₃ samples, respectively, with a film thickness of 5 nm. For this thickness, the linewidth of the crystalline sample is notably broader than that of the amorphous sample. The FMR linewidth (ΔH) and resonance field (Hres) were extracted by fitting the resonance spectra using a Lorentz derivative function, as indicated by the yellow-green dashed lines in Figs. 2(b) and (c). 
Figs. 2(d) and 2(e) illustrate the dependence of ΔH and Hres, respectively, on Sb2Te3 film thickness for crystalline and amorphous samples. As shown in Fig. 2(d), the linewidth of crystalline samples increases significantly for Sb2Te3 thickness below 5 nm, exceeding that of the control CoFeB layer. In contrast, for Sb2Te3 thicknesses above 7 nm, the linewidths of both crystalline and amorphous samples stabilize at approximately 8 mT, becoming independent of thickness and remaining lower than that of the control CoFeB layer. This pronounced enhancement of linewidth with decreasing Sb2Te3 is characteristic of crystalline samples. 
Regarding Hres, it increases for both crystalline and amorphous samples when the Sb2Te3 thickness is below 7 nm but remain constant for thicknesses above this threshold. Additionally, the Hres values of the bilayer samples are lower than those of the control CoFeB layer. Notably, the dependence of Hres on Sb₂Te₃ thickness exhibits a similar trend regardless of the phase. 
The linewidth ΔH of the ferromagnetic resonance spectrum is a key parameter that reflects the degree of magnetic relaxation in the CoFeB layer. An increase in linewidth indicates enhanced magnetic relaxation. Generally, in a bilayer system containing a ferromagnetic material, the primary mechanisms contributing to increased magnetic relaxation include spin pumping from the ferromagnetic layer into the adjacent material, interfacial reactions,[25] and Interaction with the neighboring layer, i.e., magnetic proximity effect. [10,26] 
In bilayer systems composed of a ferromagnet and a transition metal with strong spin-pumping effects,[15] such as Pt, no significant thickness dependence is typically observed. Unlike the case of crystalline Sb₂Te₃, where ΔH increases as the layer becomes thinner, ΔH in transition metal systems generally decreases with reduced thickness,[18] due to spin current dissipation and reflection at the interface with the substrate. 
If the observed increase in ΔH were caused by interfacial reactions, a consistent enhancement would be expected across all film thicknesses. However, the ΔH increase in crystalline Sb2Te3 samples is only observed for film thickness below 5 nm, making interfacial reaction an unlikely origin. This is because if it is an interfacial reaction, the increment of ΔH must be observed at all film thicknesses. If we assume that crystalline Sb2Te3 exhibits topological insulator properties, similar to Bi₂Se₃ as reported in Ref. [27], the existence of Topological Surface State (TSS) in its band structure could be responsible for the observed effect. 
In crystalline Sb₂Te₃ films with thicknesses between 4 and 5 nm, the TSS is expected to be enhanced, potentially influencing the CoFeB layer and leading to an increase in spin pumping. The presence of TSS provides an additional channel for spin current transfer, resulting in an increased flow of spin currents from CoFeB to Sb2Te3. This enhancement of spin pumping due to TSS is the proposed mechanism underlying the observed increase in ΔH.
On the other hand, for the amorphous sample, ΔH is independent of film thickness. The surface roughness in the amorphous Sb2Te3 film is expected to be more significant than in the crystalline Sb2Te3 film, since CoFeB films on Sb2Te3 films are sensitive to the surface roughness of the Sb2Te3 films. As a result, the magnetic anisotropy of the CoFeB film is determined. Since the ΔH values also dependent on the magnetic anisotropy of the ferromagnetic material [28], the surface roughness has a significant contribution in the amorphous sample. For the reason, the ΔH values of amorphous samples show little change with film thickness. In the case of crystalline Sb2Te3 samples with Sb2Te3 film thickness of more than 7 nm, the ΔH values are comparable to those of amorphous samples. Thus, crystalline Sb2Te3 films could also have the equivalent surface roughness as amorphous Sb2Te3 at the thicknesses thicker than 7 nm.
Conversely, the resonance field Hres exhibits a similar trend in both crystalline and amorphous samples as a function of Sb2Te3 thickness. The deviation from the reference CoFeB layer increases with Sb2Te3 film thickness, suggesting that the strong spin-orbit interaction at the Sb₂Te₃/CoFeB interface may influence the magnetic ordering of CoFeB. However, both ΔH and Hₐₑₛ are affected by multiple factors, including crystal structure, chemical reactivity, and interfacial stress. Therefore, it is not able to accurately determine the spin current injected from CoFeB into Sb2Te3 solely based on ΔH variations by this method. A more precise evaluation of spin current requires a detailed analysis of the frequency dependence of FMR using samples with varying CoFeB thicknesses.[29] 
Figs. 3(a) and 3(b) present the electromotive force (EMF) measured for crystalline and amorphous Sb₂Te₃ samples, respectively, with a film thickness of 5 nm at a microwave power of 100 mW. Notably, for this Sb2Te3 thickness, the EMF is lower in the crystalline sample compared to the amorphous one—an inverse trend relative to ΔH. This behavior contrasts with the typical increase in EMF observed with increasing ΔH in bilayer systems of ferromagnetic materials and transition metals Pt. [30] As discussed earlier, this discrepancy is attributed to magnetic coupling and chemical interactions at the Sb2Te3/CoFeB interface. As shown by the black and gray solid curves in Figs. 3(a) and 3(b), the measured EMF data can be decomposed into two components—the symmetric component VSym and the asymmetric component VAsym—using the following fitting equation [12,30]:
, 	(1)
where Γ represents the linewidth and Hres denotes the resonance field. The symmetric component VSym corresponds to the ISHE, while the asymmetric component VAsym is attributed to the anomalous Hall voltage of the CoFeB layer.
Figs. 3(c) and 3(d) illustrate the EMF measured for crystalline and amorphous Sb2Te3 samples with a thickness of 5 nm as a microwave power, ranging from 1 to 200 mW. The data clearly indicate that the electromotive force increases with RF power in both sample types. The EMF at each RF power level was decomposed into VSym and VAsym components using Eq. (1), and their respective values are plotted against RF power in Figs. 3(e) and 3(f). As shown in these figures, VSym and VAsym are positively and negatively proportional, respectively, to RF power for both crystalline and amorphous samples, confirming that the induced EMF originates from spin pumping accompanying FMR. 
Figs. 4(a) and 4(b) present the EMF measured for all Sb₂Te₃ film thicknesses for crystalline and amorphous samples, respectively. As observed in Fig. 4(a), for crystalline Sb₂Te₃, the EMF remains small for film thicknesses of 4 and 5 nm but increases significantly between 7 and 15 nm. Beyond 20 nm, the EMF starts to gradually decrease for thicknesses exceeding 30 nm. The broadening of the EMF to the external magnetic field corresponds to the linewidth of the FMR. Conversely, in amorphous Sb₂Te₃ samples, as depicted in Fig. 4(b), the EMF remains nearly independent of film thickness. 
Using these EMF signals, the VSym components associated with ISHE were extracted via Eq. (1). Moreover, VSym was normalized by the sample resistance to obtain the charge current Ic, which represents the spin current injected from CoFeB and converted into a charge current via spin-orbit interaction in the Sb2Te3 layer. Fig. 4(c) shows the thickness dependence of VSym, namely the inverse spin Hall voltage, derived from Figs. 4(a) and (b) using Eq. (1) for each crystalline phase. The VSym of amorphous sample is larger than that of crystal sample with all thickness. The amorphous sample has a higher electrical resistivity than the crystalline sample because amorphous Sb2Te3, which is a phase-change material, has a higher electrical resistivity than crystalline Sb2Te3. As a result, the potential difference between the two ends of the sample generated by the charge current is larger in the amorphous samples.
Figs. 5(a) and 5(b) show Ic plots as a function of Sb2Te3 film thickness for crystalline and amorphous samples, respectively. For crystalline Sb₂Te₃, as shown in Fig. 5(a), Ic increases with film thickness up to 20 nm and then decreases again followed by saturation for thicknesses beyond 30 nm. In contrast, for amorphous sample, Ic increases for film thicknesses below 7 nm, but as the thickness extends to 50 nm, a slight decline is observed. However, this decrease is minimal and is likely due to increased surface roughness in thicker amorphous Sb2Te3 films.
The experimentally obtained charge current Ic as a function of Sb2Te3 film thickness  can be described by the following equation:[30]
 , (2)
where ISHE, w, e,  and  represent the spin Hall angle, the width of a sample, the elementary charge, Dirac constant, and the spin diffusion length, respectively. Additionally,  denotes the spin current injected into the Sb2Te3 layer. In Eq. (2), Ic is expressed as increasing with the thickness of the Sb2Te3 film and eventually reaching saturation. For the amorphous sample, the Ic curve saturates at a Sb2Te3 thickness greater than 7 nm, the Ic are reproduced using Eq. (2), as shown in Fig. 5(b). In this case, the spin diffusion length of amorphous Sb2Te3 is evaluated as 1.6 nm. 
On the other hand, Ic exhibits a remarkable decrease for crystalline samples when the thickness over 20 nm. This decrease is attributed to a volume effect, as proposed in Ref. [31]. The volume effect causes the spin current to scatter in the opposite direction from the surface in the bulk of the material beyond a certain thickness. Initially, for Sb₂Te₃ films with thicknesses below 20 nm (yellow region in Fig. 5(a)), it is assumed that only the surface contributes to spin current scattering, which is fitted using Eq. (2). For Sb₂Te₃ films thicker than 20 nm (green region), the fitting is performed using Eq. (3), which incorporates an additional volume component with the surface component i.e. Eq. (2).
, (3)
where , surf and tsurf represent the spin Hall angle, the spin diffusion length, and the thickness of the surface zone, respectively. Moreover, , and vol refer to the spin Hall angle and the spin diffusion length in the volume zone, while  denotes the spin current injected into the volume zone of the Sb2Te3 layer. In this model, the condition of tsurf = 20 nm, and and  are used. 	Comment by 諸田美砂子: 表面ーバルクの境界膜厚の妥当性を説明できる文献などご存じでしたらご教示いただけませんでしょうか？
As a result of the fitting for Fig. 5(a) using Eq. (3), the spin diffusion lengths surf = 4.6 nm and vol=5.5 nm are estimated. When the Sb₂Te₃ thickness over 30 nm, the Ic values become independent of the crystalline phase and remain constant. Within the thickness range of 10–20 nm, the Ic for the crystalline sample is larger than that for the amorphous sample. As shown in Fig. 2(c), the linewidth ΔH, which reflects the magnitude of spin injection from the CoFeB layer into the Sb2Te3 layer, shows negligible changes with respect to both film thickness and crystallinity in this range. This suggests that the conversion efficiency is higher in the crystalline sample because the same spin injection occurs in both amorphous and crystalline samples, yet the charge current Ic converted from the spin current is larger in the crystalline sample.
Conversely, when the thickness of the Sb2Te3 films is below 7 nm, the Ic of the amorphous sample becomes larger than that of the crystalline sample. This is because the charge current converted from the injected spin current decreases due to the reflection and absorption of the spin current at the interface with the substrate when the film thickness is equal to spin diffusion length. This behavior is confirmed by the fact that the spin diffusion length of the surface component of crystalline Sb2Te3 is 4.6 nm, which significantly decreases below the 5 nm film thickness. In contrast, the spin current injected from the CoFeB layer seems unable to reach the substrate-side interface in amorphous Sb₂Te₃, as its spin diffusion length =1.6 nm is much shorter than the film thickness. Therefore, the behavior of the spin-charge current conversion in the crystalline and amorphous samples can be schematically drawn as shown in Figs. 5(c) and (d), respectively. Fig. 5(c) shows that the spin current is scattered by the Sb2Te3/CoFeB interface layer and the bulk layer remote from the interface in the crystalline sample, while it is scattered only by the interface layer in the amorphous sample shown in Fig. 5(d). This is attributed to maintain the long-range order in the layered structure of crystalline Sb2Te3, even greater than 20 nm thick films.
Our experiments demonstrated that Sb2Te3 can effectively control the spin-to-charge current conversion efficiency, depending on its film thickness and crystalline phase. Since Sb2Te3 is also a phase-change material, these findings highlight its potential for developing novel phase-change spin devices that leverage both charge and spin as information carriers, exploiting the unique properties of the material.

Summary
To investigate the relationship between the spin current-to-charge current conversion efficiency of Sb2Te3 and its crystalline properties, we fabricated Sb2Te3/CoFeB bilayers with varying Sb2Te3 thickness and measured the electromotive force induced at both ends of the bilayer by ferromagnetic resonance. The inverse spin Hall voltage was then derived from the electromotive force, allowing us to estimate the charge current converted from the spin current in Sb2Te3. The results revealed that the conversion from spin current to charge current occurs solely on the surface of crystalline Sb2Te3 films with a thickness less than 20 nm, while both the surface and bulk of Sb2Te3 films with thicknesses greater than 20 nm contribute to this conversion. In contrast, for amorphous Sb2Te3, the conversion occurs exclusively at the surface, regardless of thickness. Moreover, the generated charge current is larger for amorphous Sb2Te3 than for crystalline Sb2Te3 when the thickness is less than 7 nm, while it is reversed for thicknesses above 7 nm. For films thicker than 30 nm, the charge currents for crystalline and amorphous Sb2Te3 are nearly identical. These findings offer a new perspective on controlling spin conduction in spintronics by incorporating the “phase-change phenomenon” into conventional spintronics research, paving the way for the development of phase-change spintronic devices that exploit both charge and spin degrees of freedom.
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Figure 1. (a) Schematic of the crystalline sample stack. (b) Crystal structure of crystalline Sb2Te3. (c) XRD patterns of Sb2Te3 films in crystalline samples. (d) FWHM of the (0015) peak as a function of Sb2Te3 film thickness. The inset shows the thickness dependence of XRD patterns focused on the (0015) peak. (e) XRD patterns of Sb2Te3 films in amorphous samples. The inset shows the stack of the amorphous sample. 
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Figure 2. (a) Schematic illustration of the measurement system. FMR spectra of the (b) amorphous and (c) crystalline Sb2Te3 samples with a thickness of 5 nm. Thickness dependence of the (d) linewidth ΔH and (e) resonance field for the crystalline and amorphous samples, with the plain CoFeB layer used as a reference.
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Figure 3. The electromotive force (EMF) signals for (a) crystalline and (b) amorphous samples with a thickness of 5 nm. The symmetric components, VSym, and asymmetric components, VAsym, obtained from the fitting, are shown by the black and gray solid curves, respectively. The EMF signals as a function of RF power for the (c) crystalline and (d) amorphous samples. RF power dependence of VSym and VAsym for the (e) crystalline and (f) amorphous samples, as derived from Figs. 3(c) and 4(d), respectively.
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Figure 4. The EMF signals for (a) crystalline and (b) amorphous samples with varying thicknesses of the Sb2Te3 films. (c) shows the thickness dependence of VSym for crystalline and amorphous samples.




















[image: ]

Figure 5. The thickness dependence of the charge current (Ic) for (a) crystalline and (b) amorphous Sb2Te3 films. The solid and dashed curves represent the fitting curves using Eq. (2) and Eq. (3), respectively. (c) and (d) are schematic diagrams of the spin current-charge current conversion in crystalline and amorphous Sb2Te3 layers, respectively. 
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