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Abstract 

 

 

Topological insulators (TIs) are promising candidates for novel computing device designs. In 

particular they have great potential for spintronic devices where utilization of electron spin rather 

than charge would allow for lower power and higher performance computing in next generation 

architectures. Efficient conversion between spin and charge signals is crucial to spintronic 

technology. TIs provide highly efficient spin-to-charge conversion as a result of their unique 

topological properties. One way to electrically quantify conversion efficiency is with the spin Hall 

effect (SHE). Here we present SHE measurements of the topological insulator Bi2Te2.5Se0.5. 

Because of the topological nature of this material, we can measure the SHE without the use of 

ferromagnetic injectors or detectors. Using the non-local resistance, we measure spin Hall angles 

up to 2.4 with spin lifetimes up to 9 ps. Furthermore, the ferromagnet-free measurement allows for 

quick diagnostics of the spin properties without the need to fabricate multilevel devices. 
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Introduction 

 

Spintronic devices manipulate the electron spin for storage and processing of information, 

allowing for orders of magnitude reduction of power consumption and increased performance 

compared to the solely charge-based electronics. [1] Spin-based devices such as spin transfer 

torque (STT) and spin orbit torque (SOT) magnetic random access memory (MRAM) are 

increasingly commonplace in high performance computing strategies. For such devices to reach 

their maximum potential requires efficient spin-to-charge conversion, long spin coherence lengths, 

and long spin relaxation times. Materials currently used in these devices such as β-W, Pt, or Ta do 

not possess high enough spin-to-charge conversion rates for spintronic devices to compete with 

CMOS. [2–4] However, topological materials, particularly topological insulators (TIs), can have 

spin metrics high enough to enable competitive spintronic devices. [5,6]  

In TIs, band inversion gives rise to topologically protected surface states with linear energy 

dispersions (Dirac cones) resulting in Dirac fermions possessing high mobilities and Fermi 

velocities. The band inversion also fixes the fermion spin orthogonal to its momentum, resulting 

in highly efficient spin-to-charge conversion. The spin Hall angle, SH = Is/Ie, a measure of the 

spin-to-charge conversion efficiency expressed as the ratio of spin to charge current, can far exceed 

unity in TIs, with values reported as high as 425 for (Bi0.5Sb0.5)2Te3. [7] In general, measurements 

of TI spintronic properties have been restricted to local measurements which do not accurately 

reflect the macroscopic effects of the entire TI film. Due to various contributing factors, including 

surface roughness, polycrystallinity, and defect doping, the local behavior of topological insulators 

can be vastly different from the macroscopic properties utilized in devices. [8]  

The macroscopic spin-to-charge transfer efficiency can be extracted from measuring such 

phenomena as the Rashba-Edelstein effect (REE), [9] a surface effect that results in spin 
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accumulation, and the spin Hall effect (SHE), a bulk effect which produces a spin polarized 

current. [10] While REE measurements can be complicated by the need for effective tunnel 

barriers, [11–13] the SHE is more straightforward. In the SHE, a flowing charge current in a 

macroscopic channel produces an orthogonal spin current either through extrinsic scattering [10] 

or intrinsic spin-orbit interactions [14]. The SHE can be observed optically using Kerr 

microscopy [15], though this cannot be incorporated into imbedded electronic devices. Direct 

electrical measurements are possible but can be difficult to distinguish, especially in material with 

low spin Hall angles. The SHE can be enhanced by spin injection, either by spin-pumping from a 

ferromagnetic insulator [2] or by direct injection of a spin-polarized current from a metallic 

ferromagnet. [15] While useful for extracting the spin Hall characteristics of heavy metals, metallic 

ferromagnets can interfere with the topological states at the interface. [16–18]  

As theoretically demonstrated by Abanin, et al., [19], the SHE can also be measured in a 

Hall bar geometry without ferromagnetic contacts by utilizing a combination of the SHE and 

inverse spin Hall effect (ISHE). The high spin Hall angles and long diffusion lengths found in TIs 

make them ideal for this technique as contacts can be spaced far apart, simplifying the lithographic 

process. [20] In this study, we show this SHE/ISHE method can readily be used to measure the 

spintronic properties of TI films. We focus on Bi2Te2.5Se0.5 because our previous work 

demonstrated that this alloy, with its slightly Te-rich composition, exhibits a somewhat improved 

surface state conduction compared to Bi2Te2Se or Bi2Se3. [21] We measure the spin Hall effect 

without ferromagnetic injector or detector contacts and extract spin Hall angles of order 1, spin 

relaxation times in the 1-10 ps timescale and spin diffusion lengths around 1 m. All of these 

values are commensurate with literature values for other TIs. While the end precision of the fit 

results using this technique are limited relative to direct first order observation techniques, the 
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power of this methodology comes from the simplicity of the device design, opening the possibility 

for use as a diagnostic measurement in complex devices.  

Results/Discussion 

50 nm thick epitaxial films of Bi2Te2.5Se0.5 were grown via molecular beam epitaxy on 

semi-insulating GaAs(001) substrates at a substrate temperature of 290°C. X-ray diffraction, 

RHEED and TEM confirm high quality epitaxy with a sharp substrate interface, as described 

elsewhere. [21] The Bi2Te2.5Se0.5 films were patterned into multiprong Hall bars with contact 

spacings from 0.5 µm to 5.75 µm. The mesas were defined by electron beam lithography with 200 

nm poly(methyl methacrylate) (PMMA) resist and etched with an Ar plasma. An optical image of 

the device is shown in Figure 1(a). Samples were measured in a closed-loop He cryostat set within 

the poles of a 1 T resistive electromagnet. Electrical measurements were performed using DC bias 

and averaged over many measurements in order to improve the signal-to-noise ratio. Unless 

otherwise noted, all measurements were carried out at 3 K.  
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Figure 1: Device design. (a) Optical image (inset image taken with a confocal laser microscope) 

of the Bi2Te2.5Se0.5 Hall bar. The avenue and contact arms are 0.25 µm wide and patterned by 

electron beam lithography. Spacings between adjacent contacts from 0.5 μm up to 2 μm (b) 

Schematic showing the geometry of the spin Hall measurement. A local charge current between 

the left two contacts produces a pure spin current in the channel through the spin Hall effects. This 

spin current then produces a non-local voltage at the right set of contacts via the inverse spin Hall 

effect. A magnetic field is applied along the charge current direction. 

 

The schematic drawing in Figure 1(b) demonstrates the electrical configuration of the 

measurement. When a charge current passes between one pair of transverse contacts (left), a spin 

current is generated along the central Hall bar channel due to the spin Hall effect. The pure spin 

current then produces a measurable non-local voltage, VNL, due to the inverse spin Hall effect at a 

second set of transverse contacts (right) located outside of the current path. [19] The spin current 

can be further manipulated by applying an external magnetic field and monitoring the field 

dependence of the non-local spin Hall resistance, 𝑅𝑁𝐿
𝑆𝐻, at the non-local contacts. As indicated in 

Figure 1(b), the magnetic field is applied parallel to the applied current. With this applied field, 

the spins begin to precess at the Larmor frequency. Sweeping the magnitude of the magnetic field 

causes precessional dephasing, also known as the Hanle effect, resulting in a pseudo-Lorentzian  

𝑅𝑁𝐿
𝑆𝐻

 vs. magnetic field. This technique was demonstrated in a variety of materials including 

graphene and Cd3As2 [20,22,23].  

A conventional Hanle measurement requires fabrication of a spin-valve, which brings 

unique challenges to measuring topological materials. [24] In addition to reflection effects from 

the tunnel barriers limiting the spin parameters beyond anything within the TI, this measurement 

requires an out-of-plane magnetic field which, in itself, can destroy the topological states. 

Additionally, if the spin relaxation time is long enough, the Hanle curve could be wider than the 

anisotropy field of the ferromagnets, rotating the ferromagnetic moments out of plane and 
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nullifying the conditions for precession independent of the spin scattering mechanism or 

topological state. 

Parameters such as spin Hall angle, 𝜃𝑆𝐻, spin diffusion length, 𝜆𝑠, and spin relaxation time, 

𝜏𝑠, are extracted from the magnetic field dependence of the induced voltage, described by: [19]  

𝑅𝑁𝐿
𝑆𝐻(𝐵) =

1

2
𝜃𝑆𝐻

2 𝜌
𝑊

𝜆𝑠
𝑅𝑒 [√1 + 𝑖𝐵Γ𝜏𝑠𝑒

−
𝐿

𝜆𝑠
√1+𝑖𝜏𝑠Γ𝐵 

]     (1). 

In this equation, W and L are the width and length of the spin-current channel and ρ is the channel 

resistivity, which can be measured independently. Other parameters in Eq. (1) include the 

gyromagnetic ratio Γ =  𝑔µ∗/ℏ , where 𝑔  is the Landé g-factor and 𝜇∗ =
𝑒ℏ

2𝑚∗  is the effective 

magnetic moment of the electron. Because τs and Γ are coupled within the model, knowledge of 𝑔 

is essential for an accurate measurement of the spin relaxation time. Provided the g-factor is 

independent of temperature and applied current, relative changes in the response due to variation 

of these experimental parameters can be attributed to τs. Additionally, the uncertainty of the spin 

Hall angle is compounded by errors in both ρ and the fitting of λs. While these considerations limit 

the end precision of the fit results relative to direct first order observation techniques, the power 

of this methodology comes from the simplicity of the device design, enabling its use as a diagnostic 

measurement in complex devices. For example, a simple Hall bar could be fabricated alongside a 

more complicated device structure. Measuring how the spin Hall signal, or even just the amplitude 

of the non-local voltage, changes over time could be used to track degradation of the TI layer. Any 

geometrical artifacts would be constant within the device and the decrease in amplitude of the non-

local voltage would directly track the degradation of the spin properties.     

A characteristic RNL(B) sweep (black squares) and the associated fit (red line) for a spacing 

of L = 1.75 µm and current I = +50 µA is shown is Figure 2(a). A 2nd order polynomial background 

was subtracted to account for local Hall and classical magnetoresistance effects. The background 
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subtraction is discussed further in the Supplementary Materials.[39] The Hall bars utilized in 

this experiment were designed to allow for length dependence measurements to be conducted 

within a single device, even after accounting for variations in contact quality from lithography and 

sample wire. The basic measurement shown in Figure 2(a) was repeated at a variety of bias 

currents and contact spacings. Bias dependence is shown in Figure 2(b) with length dependence 

in Figure 2(c). Both of these plots were constructed by plotting the amplitude of the non-local 

resistance measured at B=0 T after subtracting the background. The non-local signal has a peak at 

low bias currents with a noticeable saturation at higher applied currents. A similar saturation of 

spin current at higher applied charge currents was observed in Bi2Te2Se and graphene and was 

attributed to a reduced polarization efficiency at higher currents. [25,26] There is a modest increase 

in the length dependence of the data (Figure 2(c)) between L = 0.75 µm to 1.25 µm. We attribute 

the increased resistance at this length to a decrease in remnant local effects which obscure the non-

local signal. The local signal decreases much faster than the exponential decay of the spin signal. 

So, by 2.5 µm, the remaining non-local change is almost entirely from the spin current. 
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Figure 2: Non-local spin signal (a) Characteristic RNL(B) for I = +50 μA and Δx = 1.75 μm 

(points)with the associated fit (line) to Eq 1. (b) The non-local resistance RNL versus bias current 

peaks at low current due to increased spin polarization at low currents. (c) amplitude ΔRNL of the 

non-local signal versus contact spacing at a fixed current of 10 µA. The signal strengthens up to 

1.25 µm, likely due to a reduction in residual local background, and decreases at 2.5 µm. 

 

The spacing dependencies of spin parameters (θSH, λs, and τs) at a constant bias current of 

I = +10 µA are given in Figure 3(a-c), with the bias dependence at a fixed length of L = 2.5 µm 

in Figure 3 (d-e). Again, we expect the spin signal at this distance to be mostly a spin current. 
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Error bars are determined from the uncertainty in fitting to Eq. 1. The bias dependence of all three 

parameters is similar and reflects the overall non-local resistance change (Figure 2(b)). A 

maximum spin Hall angle (Figure 3(d)) of θSH = 2.4 is measured at I = +10 nA. This is comparable 

to other TIs and an order of magnitude larger than what is found in heavy metals. [23] Literature 

values for the spin Hall angles in Bi2TexSe3-x are summarized nicely by Farzaneh, et al. [33] and 

range from 0.08 for Bi2Te3 up to 3.5 for Bi2Se3. [27] While the highest spin Hall angles are 

measured via spin torque ferromagnetic resonance (FMR), SH = 0.16 for Bi2Se3 is the highest 

electrically sourced and detected spin Hall angle. [28] Our maximum measured spin Hall angle is 

more than 10x higher than this, and comparable to FMR results, [29,30] which suggests the 5:1 

Te:Se ratio used here significantly improves the spin-charge conversion efficiency over pure 

Bi2Te3 and comes close to the maximum measured value for Bi2Se3.  

 

 

Figure 3: Spin parameter length and bias dependencies. The (a) spin Hall angle, (b) spin diffusion 

length, and (c) spin lifetime as functions of contact spacing. The respective bias dependencies are 

given in the insets. The spin Hall angle θSH, increases linearly with spacing. While the low current 



10 
 

increase tracks ΔRNL, the increase between 1.25 µm and 2.5 µm can be attributed to a near-

complete removal of lingering local backgrounds. (b) the spin diffusion length λs is relatively 

constant with an anomalous peak at 1.25 µm, while (c)the spin relaxation time τs decreases steadily 

with increasing contact spacing. (d-f) All three parameters follow similar bias dependencies as 

ΔRNL shown in 3b, as a result of the saturation of the spin signal and decreased spin to charge 

conversion efficiency at higher bias currents. 

 

The results presented here are comparable to reported FMR results with the convenience, 

simplicity, and accessibility of an all-electrical measurement. One drawback of this method is the 

tendency towards large fitting errors in θSH. The spin Hall angle only appears in Eq. (1) as part of 

the amplitude coefficient, 𝜃𝑆𝐻
2 𝜌𝑊/2𝜆𝑠 . Because fitting can only uniquely determine a single 

overall amplitude, the uncertainty in SH becomes dependent on precise knowledge of the other 

parameters. This is compounded by the spin diffusion length, 𝜆s, being another fitting parameter 

within the amplitude coefficient. However, because s also occurs in the exponent of Eq. (1), it is 

somewhat decoupled from θSH.  

The spin diffusion length (Figure 3(b,e)) has a maximum value of λs = 0.78 µm, which is 

of the same order of magnitude as conductive metals such as Au(0.06 to 0.17 µm) and Cu(0.2 to 

1 µm). [31] While the spin diffusion length for the surface states of a TI is expected to be long due 

to spin momentum locking, the bulk spin diffusion length should be shorter due to increased spin 

scattering from the large spin orbit coupling and momentum scattering caused by grain 

boundaries. [32] Because our samples have predominantly bulk conduction, the spin diffusion 

length, and the spin parameters in general, are characteristic of the spin-orbit coupled bulk states. 

Figures 3(c) and 3(f) show the spin lifetime, τs. As the spin lifetime is coupled to the 

gyromagnetic ratio in the model, the accuracy of this parameter can vary significantly depending 

on the material system. Again, the gyromagnetic ratio is given by Γ =
𝑒𝑔

2𝑚∗
, where 𝑔 is the Landé 

g-factor and m* is the effective mass. Both parameters are non-trivial to measure and can vary 
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within a material system. Without a precise measurement for a specific sample, the extracted value 

of τs should be taken as a rough estimate. A particularly egregious example is Cd3As2 where 

literature values for 𝑔 range from 2 to 100. [33]. We assume values of 𝑔 = 23 and 𝑚* = 0.25 m0 

based on a review of the literature on the Bi2TexSe3-x system. [34–36] As 𝑔  and m* are 

multiplicative factors of τs, the relative changes with respect to bias, temperature and spacing are 

reliable regardless of the accuracy of 𝑔 and m*, only the absolute magnitude of τs changes. Thus, 

for a single sample or device, this method can effectively track changes in the spin parameters as 

functions of processing steps, time or other extrinsic parameters. Therefore, this method is a way 

to efficiently screen topological materials without the many levels of fabrication needed for 

conventional spin devices, although absolute precision can be a limitation. 

The length dependence observed in Figure 3 (a-c) requires further consideration. One 

would expect λs, τs and θSH to be largely independent of contact spacing as they are intrinsic 

properties of the material. We observe the spin Hall angle θSH (Figure 3(a)) increases linearly with 

contact spacing, from 0.48 ± 0.05 at Δx = 0.75 µm to 2.2 ± 0.2 at Δx = 2.5 µm. This can be partially 

attributed to a background signal which decreases over this range, leading to a more significant 

contribution of the SHE in the overall signal, resulting in a larger measured θSH. An increasing 

spin signal with contact spacing, as observed in spin pumping experiments on permalloy/Pt thin 

films [37] would further magnify this effect. The spin diffusion length (Figure 3(b)) has a similar 

length dependence as RNL (Figure 2(c)). With an average of λs = 0.6 ± 0.1 µm, the spin diffusion 

length is relatively unchanged as a function of contact spacing aside from a peak λs = 0.8 µm at L 

= 1.25 µm. The spin lifetime (Figure 3(c)) decreases by almost an order of magnitude from 9.2 ps 

at 0.75 µm to 1.5 ps at 2.5 µm. These spin lifetimes are comparable to values found in Si, but 

considerably less than what would be expected for surface states of a topological insulator. [38] 
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This is likely a result of the high doping concentration. As the transport is dominated by the bulk 

states, the spin relaxation is reduced by the high spin-orbit coupling within the material. The 

parameters extracted from this model constitute lower bounds on the sample’s intrinsic properties. 

The model proposed by Abanin, et al. assumes a narrow channel width W << λs so the SHE 

contribution overwhelms the Ohmic contribution which decays as e-π|x|/W. As the channel width 

approaches λs, the relative contribution of the spin Hall effect decreases, providing reduced 

parameters.  

The observed non-local voltage could be caused by several effects aside from the SHE, 

including Ohmic leakage (bypass effect), weak antilocalization (WAL), or quasiballistic scattering 

from the current path to the non-local voltage contacts. These effects contribute to the background, 

but can be systematically eliminated as causes of the pseudo-Lorentzian peak in RNL(B). The 

simplest to exclude is WAL, which can have a peak-like magnetic field dependence similar to the 

SHE. As WAL is a local effect, it must be accompanied by a comparable Ohmic contribution. 

Therefore, if WAL, or even local Hall effects are affecting the SHE measurement, the measured 

non-local behavior should be similar to the local signal. The field dependence of the local 

resistance, Rxx, is shown in Figure 4(a), with the measurement geometry in the inset. More 

comprehensive WAL data for these films is found elsewhere, and show a phase coherence length 

of 200 nm. [21] There is a WAL contribution to the pseudo-linear behavior for low fields, but it is 

too weak relative to the background MR to explain the prominent peak in the non-local signal. 

Additionally, the sign of the WAL contribution is the opposite sign compared to our observations 

of RNL. Finally, WAL in topological materials depends on the spin-orbit coupling and local 

resistance, both of which are independent of the current. The SHE signal changes significantly 

with current, as seen in Figure 2(a) and 3(d-f), further excluding WAL. 
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Figure 4: Local Resistance Effects (a) Local magnetoresistance of Bi2Te2.5Se0.5 thin film. The 

WAL cusp is weakly visible over the background linear MR. Similar behavior is not present in 

Figure 2(a), ruling out WAL as a contributing factor. (b) Measured non-local signal (black squares) 

along with the expected non-local (blue) and local(red) contributions. The expected non-local 

contribution is calculated using the average values of τs, λs and θSH from the data in Figure 3. The 

Ohmic contribution decreases much faster that what is measured, which more closely follows the 

expected non-local behavior (c) Temperature dependence of the non-local resistance (black) and 

the local resistance (red). The low temperature decrease in RNL disappears at 10 K when the signal 
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in the field dependent data (inset) vanishes. Additional temperature data up to 20 K is given in the 

Supplemental Materials and demonstrates the signal has disappeared completely.  

 

An Ohmic contribution can be excluded by considering the length and temperature 

dependence of the non-local signal. For a rectangular sample, the Ohmic resistance is given by 

ROhmic =
ρ

π
ln

cosh(πL/W )+1

cosh(πL/W)−1
 (2), 

where again ρ is the resistivity, W is the width of the Hall bar, and L is the spacing between the 

source and measurement contacts. In the case of our Hall bars, L >> W so this contribution 

approaches zero, especially as the contact spacing increases. In contrast, from Eq. (1) the expected 

length dependence of the non-local resistance at zero magnetic field is given by  

𝑅𝑁𝐿 =
1

2
𝜃𝑆𝐻

2 𝜌
𝑊 

𝜆𝑠
𝑒−𝐿/𝜆𝑠 (3). 

The non-local resistance should also approach zero for L >> W, but much slower than an Ohmic 

contribution. Figure 4(b) shows the length dependence of the measured non-local resistance 

(points) and the expected behavior of a non-local (blue line) and Ohmic (red line) contribution, as 

dictated by Eq. (2) and (3), respectively. The expected values are calculated using the average 

values for θSH and λs, found from fitting to Eq. (1), as discussed below and the Ohmic contribution 

incorporates the measured resistivity of 800 -cm. The measured non-local resistance has a 

length dependence described well by Eq. (3).  

A further disqualifying consideration for an Ohmic contribution is the temperature 

dependence. Because an Ohmic contribution is governed by the geometry of the sample, it should 

not vary with temperature beyond the monotonic temperature dependence of the longitudinal 

resistivity. Figure 4(c) shows the measured local resistance (red line, right axis) at B = 0 T with 

no background subtracted as temperature is swept from 3 K to 30 K in a sample with L=2.5 µm 

and the expected monotonic increase with temperature. The measured RNL (black line, left axis) 
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measured under the same conditions has a distinct temperature dependence. In these data, there is 

a distinct decrease in the non-local resistance between 3 K and 10 K, before it plateaus and begins 

to increase linearly at a similar rate as the local resistance. This corresponds to the reduction of the 

non-local resistance signal with temperature seen in the inset of Figure 4(c). The contribution of 

RNL, apparent in the low temperature portion of the data, disappears at 10 K. At higher temperature, 

RNL increases monotonically like the local resistance. While this remaining background is therefore 

composed of an Ohmic terms, it is the positive spin Hall component that induces the oscillatory 

signal in RNL(B).  

The observed temperature dependence also rules out the quasiballistic effect, which should 

be negative at low temperatures and cross over to a positive value at some finite temperature. [22] 

The temperature-dependent component of RNL seen in Figure 4(c) is of the same sign as the local 

resistance and never passes through zero, that is a negative RNL for a positive applied current, 

indicating that the quasiballistic effect is not a significant factor. It should be noted that the 

quasiballistic effect also requires the thickness of the sample to be larger than the mean free path 

of the charge carriers. If the film is thinner than the mean free path, carriers scatter off the film 

boundaries before reaching the non-local contacts, minimizing the quasiballistic contribution. In 

the Bi2Te2.5Se0.5 system measured here, the mean free path is on the order of 4-14 nm, thinner than 

the 50 nm sample thickness. In samples with sufficiently high mobility, the quasiballistic effect 

can be disregarded on the mean free path alone. 

While the spin signal is still dominant over background effects as described with Figure 4 

and the relevant discussion, the local background still obscures the full spin signal. To get 

measured values close to the actual intrinsic parameters of the sample, the spin signal must not 

only be large enough to dominate local background effects, the spacing must be long enough for 
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the local effects to be nearly non-existent. This is evidenced by the initial increase in RNL vs. length 

seen in Figure 2(c).  However, these artifacts are entirely geometry dependent. Therefore, the 

technique would be considerably more useful in comparing the change between devices of 

identical geometry, or a single device over time. The absolute values of θSH, λs, and τs may be 

inaccurate compared to the actual intrinsic values, but the relative change will be unaffected as ρ, 

𝑔, and m* become irrelevant scaling factors when looking at the relative change. 

 

Conclusion 

We electrically investigated the spin Hall effect in Bi2Te2.5Se0.5 without the use of ferromagnetic 

injectors or detectors. Our results compare favorably to literature results for Bi2Se3 and Bi2Te3. 

Bi2Te2.5Se0.5 has improved spin Hall angle compared to Bi2Te3 and comparable to Bi2Se3. The 

non-local, ferromagnet-free measurement technique used here yielded similar spin figures of merit 

as exist in literature, where more complicated device structures were used, demonstrating the 

utility of this measurement geometry. With the non-local measurement technique constituting a 

lower bound on the spin Hall angle, our results suggest Bi2Te2.5Se0.5 is a promising candidate for 

further investigation for spintronic applications.  
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