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ABSTRACT: Spin field effect transistor, an essential building block for spin information 

processing, shows promise for energy-efficient computing. Despite steady progress, it suffers from 

a low output signal because of low spin injection and detection efficiencies. We demonstrate that 

this low-output obstacle can be overcome by utilizing direct and inverse spin Hall effects for spin 

injection and detection, respectively, without a ferromagnetic component. The output voltage of 

our all-electric spin Hall transistor is about two orders of magnitude larger than previously reported 

spin transistors based on ferromagnets or quantum point-contacts. Moreover, the symmetry of spin 

Hall effect allows all-electric spin Hall transistors to effectively mimic n-type and p-type devices, 

opening a way of realizing the complementary functionality. 
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The manipulation of electron spins by the spin-orbit interaction lies at the heart of condensed 

matter physics. A representative example is the spin precession around an effective spin-orbit field, 

which serves as a key operation principle of spin field effect transistor (spin-FET) through the 

gate-controlled spin-orbit interaction and subsequent periodic modulation of source-drain 

conductance1–6. Another intriguing ability of the spin-orbit interaction is the conversion from a 

charge current to a spin current, and vice versa, named direct and inverse spin Hall effects, 

respectively7–13. In contrast to the magnetic exchange interaction for which conversion efficiency 

from a charge current to a spin current (i.e., spin polarization) is limited to 100%, the spin-orbit 

interaction allows for much larger conversion efficiency14,15, enabling energy-efficient spintronic 

devices. 

In this work, we experiment on an all-electric spin Hall transistor that utilizes the full potential 

of the spin-orbit interaction by exploiting not only the spin-orbit-induced spin precession but also 

the direct and inverse spin Hall effects as the spin injection and detection schemes, respectively. 

Up to now, the spin injection and detection have been implemented by using ferromagnets3 or 

quantum point-contacts16. The spin injection/detection efficiency through the interface between a 

metallic ferromagnet and a semiconducting channel is known to be extremely low because of the 

conductivity mismatch17. While tunneling barrier improves injection efficiency18, the increase of 

interfacial resistance will degrade the device performance. Recently, electric field modulation of 

spin current has been reported in a two-dimensional material19, but it also requires spin injection 

from the ferromagnetic electrode.  The quantum point-contact scheme has realized the gate control 

of spin current but this design is fundamentally limited as the spin precession signal survives only 

for a point-contact conductance of around 2e2/h, where e is the electron charge and h is the Planck 

constant16. Moreover, its scheme requires an additional current at the detection part to get an output 
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signal, resulting in unwanted complexity of the device structure. On the other hand, there are 

several works that utilize the inverse spin Hall effect for the spin detection. However, they are 

combined with optic11,20,21 or magnetic22,23 elements for the spin injection and thus the all-electric spin 

Hall transistor, which is of technological relevance, has not been demonstrated yet. As no interface 

is involved in the spin injection and detection processes, the all-electric spin Hall transistor is 

expected to yield a largely improved output signal as compared to other existing spin-FETs.  

To implement an all-electric spin Hall transistor, we fabricated H-bar devices using an InAs-

based quantum well channel that has a strong spin-orbit interaction. The operation mechanisms of 

this device are the spin Hall effect and the gate-controlled spin precession, all arising from the 

same Rashba spin-orbit coupling as illustrated in Figure 1a. The device consists of three regions. 

The left part of the device (region I) is the injection region where the bias current is applied in the 

y-direction. The direct spin Hall effect converts this charge current to a spin current. Because of 

the symmetry of spin Hall effect, 

𝐈𝐬 ∝ 𝛔 × 𝐈𝐜,            (1) 

where Is (Ic) is the flow direction of spin (charge) current and σ is the spin polarization direction 

carried by the spin current, the spins polarized along the +z-direction move to the +x-direction 

while the spins polarized along the −z-direction move to the −x-direction. Thus a pure spin current 

polarized in the +z-direction is injected to the middle part of the device (region II) where the gate 

electrode is deposited on top of it. As there is no interface between these two regions, the spin 

current is efficiently injected into the gate-controlled region without much loss. In the region II, 

the spin precession is modulated by gating. The gate voltage VG controls the Rashba spin-orbit 

interaction and subsequently modulates the spin precession rate. The gate-modulated spin current 
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is then injected to the right part of the device (region III), where the inverse spin Hall effect 

converts the spin current to a charge current, thereby generating a Hall voltage along the y-

direction. No interface between the regions II and III also guarantees an efficient detection of spin 

information. As both inverse and direct spin Hall effects share the same symmetry in eq 1 through 

the Onsager reciprocity24, the Hall voltage oscillates with the z-component of injected spin, which 

is controlled by the gate voltage. This three-step process provides the essential functionality of all-

electric spin Hall transistor without involving a ferromagnetic electrode or an external magnetic 

field. 

The top view of the device structure is shown in Figure 1b. The device consists of an InAs 

high electron mobility transistor (HEMT) channel and a gate electrode (see Supplementary 

Information Section 1). The InAs-based quantum well was grown by molecular beam epitaxy on 

a semi-insulating InP (100) substrate. The asymmetric quantum well induces a strong Rashba spin-

orbit interaction even without a gate electric field. The carrier density and mobility of the HEMT 

channel are respectively ns = 2×1012 cm-2 and µ = 60,000 cm2V-1s-1 at 1.8 K. The representative 

channel formed by ion milling had a width of W = 0.7 μm and a probe width of WH = 0.2 μm.  

We first measure the Rashba parameter α of the channel as a function of the gate voltage VG 

(Figure 1c), using the Shubnikov-de Haas oscillations3,25,26. The gate voltage controllability is more 

effective for the negative VG due to the non-linear band bending of the quantum well. Figure 1d 

shows a representative result of the Hall voltage detected at the region III as a function of the gate 

voltage for a bias current of 0.1 mA in the region I. It clearly shows an oscillatory Hall voltage 

modulation by gating. We repeat the same measurement with a reversed bias current. Because of 

the symmetry of spin Hall effect in eq 1, the spin orientation of spin current injected into the region 
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II is reversed when the bias current is reversed. At a given gate voltage, the spins polarized in the 

+z and –z directions undergo the same amount of precession inside the region II, so that the Hall 

voltages for positive and negative bias currents always retain a phase difference of 180° for the 

entire range of the gate voltages, which is consistent with what we measure. 

From the Datta-Das transistor model with including exponential decay governed by the mean 

free path (l), the detected Hall voltage can be expressed as1,23 

𝑉( = 𝐴cos(2𝑚∗α𝐿 ℏ5⁄ )𝑒9:/<,                          (2) 

where A is a constant, L is the channel length of region II, ħ is the reduced Planck constant, and 

m* = 0.05m0 is the effective mass of electron3,27. We find that the oscillatory behaviour of measured 

signals is described reasonably well by solid fitting lines, obtained from the above equation where 

α is the measured VG-dependent Rashba parameter (Figure 1c). We also measure the channel length 

dependence of signals by varying the distance L from 0.55 μm to 1.5 μm. From the Datta and Das 

model as described in eq 2, the total spin precession inside the channel is proportional to the 

channel length L. As a result, the oscillation period of Hall voltage decreases with increasing L as 

shown in Figure 2. Based on the experimental data taken for –4 V ≤ VG ≤ +2 V, the half periods of 

oscillations are ΔVG = ~3 V (L = 0.8 μm), ΔVG = ~2 V (L = 0.95 μm), and ΔVG = ~1.3 V (L = 1.25 

μm), respectively. The solid fitting lines with eq 2 describe the experimental results reasonably in 

both oscillatory behavior and channel length dependence. To better understand these experimental 

results, we also perform numerical simulations based on a tight-binding model (see Supplementary 

Information Section 2). These simulations account for a large number of modes present in the 

device and reproduce semi-quantitatively the experimental results. We emphasize that 

decoherence induced by destructive interferences between the multiple modes enhanced by 
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momentum scattering is crucial to obtain the experimental variation of the Hall voltage as a 

function of the channel length. All the experimental and numerical results explain above evidence 

that the three-step process, the spin injection by the direct spin Hall effect, the spin precession by 

the gate-controlled Rashba parameter, and the spin detection by the inverse spin Hall effect, is 

realized in our device.  

We next discuss the magnitude of the output signal, which is the main focus of this work. In 

spin-FETs, an important parameter for the output signal is the width WH of the detection part. Figure 

3a shows that the output signal for WH = 0.2 μm is 20 times larger than that for WH = 2 μm. This 

strong dependence of output signal on WH arises because the measured Hall voltage is an averaged 

value of oscillatory signal over WH as shown in the schematic diagram of Figure 3a (see 

Supplementary Information section 3). For a legitimate comparison of output signals among 

different types of spin-FETs, therefore, one has to fabricate nominally identical device structure 

including the width WH. We do so for three types of spin transistor designs exploiting the gate-

controlled Rashba effect. They are the conventional Datta-Das spin-FET using ferromagnets 

(Ni81Fe19 electrodes) for both spin injection and detection3, the spin Hall transistor using a 

ferromagnet (inverse spin Hall effect) for spin injection (detection)23, and the ferromagnet-free all-

electric spin Hall transistor (this work) as shown in Figure 3b. We find that the signal of the all-

electric spin Hall transistor (~900 mΩ) is much larger than those of two other transistors (< 40 

mΩ)3,23. As the signals of these spin transistors are proportional to h2, hθeff, and θeff
 2, respectively, 

where h is the spin injection efficiency at the interface of ferromagnet/quantum well channel and 

θeff is the effective spin Hall angle of the channel. From the experimental results, θeff is estimated to 

be 0.103. We note that previous studies with topological insulators14,15 reporting large effective spin 

Hall angles suggest that this ratio can become even larger. This result shows that ferromagnet-free 
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all-electric spin Hall transistors are superior to other types of spin transistors and the spin Hall 

effect provides a much more efficient injection/detection efficiency than that with ferromagnets.  

We finally demonstrate p- and n-type all-electric spin Hall transistors, which are essential for 

the complementary functionality in logic applications. The symmetry of spin Hall effect in eq 1 

allows for an easy implementation of p- and n-type transistors simply by relocating output 

terminals without an additional doping process. As shown in Figure 4a, the U-type (D-type) spin 

transistor has one of the output terminals at upper (lower) side of the detection part while the other 

terminal is located at the right end of the horizontal channel. The inverse spin Hall effect generates 

charge accumulations with the opposite sign at the upper and lower sides of the detection part. As 

shown in Figure 4b, the two types of transistors always produce complementary signals for all gate 

voltages. Figure 4c shows that for VG = +1.4 V, the U-type transistor reads high potential whereas 

the D-type transistor reads low potential at the output terminals. On the other hand, for VG = −1.4 

V, the U-type (D-type) transistor produces low (high) potential. Thus, the U- and the D-type spin 

Hall transistors are able to respectively mimic the conventional p- and n-type transistors for logic 

applications.  

The spin Hall and Rashba effects have fostered great interest because they connect the 

electron charge and spin even without a ferromagnetic material. Our proposed ferromagnet-free 

all-electric spin Hall transistor provides an alternative operation scheme with much improved 

signals than previously realized spin-based transistors, as it avoids the hurdles inherent to spin 

injection and detection at ferromagnet-semiconductor interfaces. The next step of spin transistor 

research will be the realization of room-temperature operation, which requires the development of 

a channel material with a spin-orbit splitting energy much larger than the thermal energy. In this 

respect, recent experiment28 and theory29, which reported an unprecedented spin splitting of 150 
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meV and emphasized the important role of the inversion symmetry breaking, would shed light on 

this direction. 
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Figure 1. Ferromagnet–free spin transistor. (a) Schematic diagram of device. (b) Scanning 

electron micrograph of device before forming gate electrode. The image was taken before gate 

formation for clarity. (c) Gate-controlled Rashba parameter. (d) Gate control of Hall voltage. Red 

trace: bias current I positive. Blue trace: I negative. The channel length is 0.95 μm, bias current 

is 0.1 mA, and the measuring temperature is 1.8 K. The offset resistance is 650 mΩ. The solid 

line fits in d are from the Datta-Das model and the gate voltage dependence of Rashba parameter 

shown in (c).  
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Figure 2. Gate-controlled spin signal for WH = 0.2 μm. The bias current is 0.1 mA, and the 

measuring temperature is 1.8 K. Offset resistances are 1.8 Ω, 0.4 mΩ, and ~0 Ω for L = 0.8 μm, 

0.95 μm, and 1.25 μm, respectively. The solid line fits are from the experimentally determined 

Rashba parameters, α(VG) and the independently measured mean free path, l = 1.61 μm. 
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Figure 3.  Magnitude of spin transistor signal. (a) Channel length dependence of magnitude for 

the Hall probe widths of 0.2 μm and 2 μm. The dotted line fits are from the independently 

measured mean free path, l = 1.61 μm. The upper diagrams show that the larger WH reflects the 

wider range of averaging Hall voltage. (b) Magnitude comparison of three spin transistors. We 

compare a conventional Datta-Das spin-FET (two ferromagnets (FMs)), a spin Hall transistor 

(one FM & one Spin Hall structure), and a ferromagnetic-free spin transistor (two Spin Hall 

structures). All spin transistors are made of an identical channel structure.  
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Figure 4. Complementary operation of ferromagnet-free spin Hall transistors. (a) Schematic 

structure of complementary transistors. (b) Gate-controlled signals of complementary transistors. 

(c) Example of logic application. The U- and D-type spin transistors play roles of n- and p-type 

conventional transistors. The channel length is 1.1 μm, bias current is 0.1 mA, and the measuring 

temperature is 1.8 K. The offset resistance is 0.8 Ω.  
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