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Electrical spin injection into the two-dimensional electron gas in AlN/GaN heterostructures with ultra-thin AlN barrier

Spin injection into the two-dimensional electron gas (2DEG) in AlN/GaN heterostructures was studied by magneto-transport measurements. An ultra-thin AlN layer at the hetero-interface acts as a barrier to form 2DEG in the triangular GaN

quantum well and a tunneling barrier for the spin injection to overcome spin conductance mismatch issue. Hanle signals and inversed Hanle signals were observed, proving that the spin injection was achieved in the 2DEG in the AlN/GaN heterostructure rather than in the interfacial states. The spin relaxation time in 2DEG at 8K was found as long as 850ps, which almost keeps constant with bias and decreases with increasing temperature. The spin relaxation process can be explained by D'yakonov Perel mechanisms originated from Rashba spin orbit coupling. These results show the promising potential of 2DEG AlN/GaN heterostructures for the spin field effect transistor applications.

Semiconductor spintronics, focusing on the electron's spin degree of freedom, has been a major interest in recent researches for the application of high performance and low energy consumption devices. Spin field effect transistor (SFET) is a representative spintronic devices, 1,2 offering potential advantages over classical transistor driven by the charge of the electrons. The core issues of SFET can be generally concluded as three parts: spin injection, 3,4 manipulation [START_REF] Yan | A two-dimensional spin field-effect switch[END_REF][START_REF] Chuang | All-electric all-semiconductor spin field-effect transistors[END_REF] and detection. [START_REF] Oltscher | Gate-tunable large magnetoresistance in an all-semiconductor spin valve device[END_REF][START_REF] Park | Large spin accumulation and crystallographic dependence of spin transport in single crystal gallium nitride nanowires[END_REF] GaN based material has attracted a major interest in semiconductor spintronics for its promising applications at room temperature. 9,[START_REF] Chen | Self-polarized spinnanolasers[END_REF][START_REF] Hu | Spin precession of holes in wurtzite GaN studied using the time-resolved Kerr rotation technique[END_REF] Two-dimensional electron gas (2DEG) in GaN-based heterostructures is widely used in electronic devices for its excellent electrical properties, such as high electron concentration and mobility. Besides, a large spin relaxation time is expected. Theoretical calculation figures out that the spin orbit coupling (SOC) can be minimized with specific band structure in GaN-based 2DEG. [START_REF] Harmon | Prediction of extremely long mobile electron spin lifetimes at room temperature in wurtzite semiconductor quantum wells[END_REF][START_REF] Fu | Spin-orbit coupling in wurtzite heterostructures[END_REF] Meanwhile, 2DEG in GaN-based heterostructures may provide more opportunity for the realization of spin manipulation with tunable SOC. [START_REF] Liu | Effective Manipulation of Spin Dynamics by Polarization Electric Field in InGaN/GaN Quantum Wells at Room Temperature[END_REF][START_REF] Yin | Rashba and Dresselhaus spin-orbit coupling in GaN-based heterostructures probed by the circular photogalvanic effect under uniaxial strain[END_REF] However, up to now, the complete Datta & Das model SFET has only been realized in InGaAsbased 2DEG. One is based on Ferromagnetic(FM)/insulator tunneling junction [START_REF] Koo | Control of spin precession in a spin-injected field effect transistor[END_REF] while the other is based on quantum point contact. [START_REF] Chuang | All-electric all-semiconductor spin field-effect transistors[END_REF] For GaN based materials, electrical spin injection and detection has not yet been realized in the 2DEG. [START_REF] Jahangir | Spin diffusion in bulk GaN measured with MnAs spin injector[END_REF][START_REF] Bhattacharya | Electrical spin injection and detection of spin precession in room temperature bulk GaN lateral spin valves[END_REF] A key challenge is the spin injection in 2DEG in GaN based heterostructures. FM/insulator junction is commonly used as an injector to realize efficient spin injection. [START_REF] Fert | Conditions for efficient spin injection from a ferromagnetic metal into a semiconductor[END_REF][START_REF] Parkin | Giant tunnelling magnetoresistance at room temperature with MgO ( 100 ) tunnel barriers[END_REF] The main obstacle to apply it on 2DEG is the large conductance mismatch between FM and the barrier of the 2DEG, and extra spin dephasing in the barrier. As for GaN based material, AlGaN/GaN is the most mature and representative structure in forming 2DEG, [START_REF] Mazumder | Atom probe analysis of AlN interlayers in AlGaN/AlN/GaN heterostructures[END_REF][START_REF] Tilak | Influence of barrier thickness on the high-power performance of AlGaN/GaN HEMTs[END_REF] while the AlGaN thickness is at least 3.5 nm in order to form 2DEG [START_REF] Ibbetson | Polarization effects, surface states, and the source of electrons in AlGaN / GaN heterostructure field effect transistors[END_REF] , and for high performance 2DEG the thickness is about 15-25 nm. [START_REF] Liu | A theoretical calculation of the impact of GaN cap and Al xGa1-xN barrier thickness fluctuations on two-dimensional electron gas in a GaN/AlxGa1-xN/GaN heterostructure[END_REF] Thus, with insulator/AlGaN structure, the thick AlGaN layer hampers spin injection by causing spin dephasing before being injected into 2DEG. It also results in quite small junction conductance and thus large conductance mismatch. With a sole AlGaN barrier, its large thickness and low barrier height make it hard for electron tunneling. In this study, an in-situ grown ultra-thin AlN layer is used as the barrier of the 2DEG triangle quantum well as well as tunnel barrier to overcome conductance mismatch simultaneously. Fig. 1 illustrate this structure and the spin injection process. For testing the effect of such an ultra-thin AlN layer, we fabricated a non-local three terminal (3T) device with AlN/GaN heterostructure. Hanle spin precession was observed in the 3T device of the 2DEG in AlN/GaN heterostructures at various temperatures and biases. Spin dynamics is also studied based on 3T Hanle measurements.

Results

Device configuration and the electrical transport parameters From the Hall measurements, the electron density is determined to be . [START_REF] Cao | Very low sheet resistance and Shubnikovde-Haas oscillations in two-dimensional electron gases at ultrathin binary AlNGaN heterojunctions[END_REF][START_REF] Zheng | Transport properties of two-dimensional electron gas in different subbands in triangular quantum wells at AlxGa1-xN/GaN heterointerfaces[END_REF] The difference in the electron densities determined by Hall and SdH respectively indicates the occupancy of at least two sub-bands in the triangular quantum well at 2 K,while the SdH oscillation is only induced by the excited state.

The different mobility suggests the strong scattering mainly dominates at the AlN/GaN interface. In conclusion, the first sub-band is fully occupied with electron density two orders higher and the electrons are strongly scattered at the interface.

3T Hanle measurements

3T Hanle measurements were performed as schematically shown in Fig. 2  (g=2) [START_REF] Shchepetilnikov | Electron spin resonance in a 2D system at a GaN/AlGaN heterojunction[END_REF][START_REF] Frayssinet | Effective g * factor of two-dimensional electrons in GaN/AlGaN heterojunctions[END_REF] , while they also dephase at the same time. The spin-induced electrochemical potential in the 2DEG changes with increasing magnetic field. Sweeping the perpendicular magnetic field gives a Lorentz-shaped magneto-resistance corresponding to Hanle precession as shown in Fig. 3(a).

Considering the electrode width is 20 µm, which is much larger than the spin diffusion length, [START_REF] Jahangir | Spin diffusion in bulk GaN measured with MnAs spin injector[END_REF] the measured voltage between injector and reference electrode can be approximated as

2 3 3 V ( ) V (0) / 1 ( ) T z T L s B        
, where s  is spin lifetime and L  is the spin precession rate. For the 3T Hanle measurements, spin injector and detector share one electrode.

Spin in the interfacial states can be measured [START_REF] Tran | Enhancement of the spin accumulation at the interface between a spin-polarized tunnel junction and a semiconductor[END_REF] 1 / ( )
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. The linear-to-temperature term represents the Rashba term, the parabolic is the interference term, and the cubic term is the Dresselhaus term, where A, B and C are parameters related with material structures and are constant at various temperatures. The Dresselhaus SOC coefficient can be calculated with formula
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For 2DEG in AlN/GaN heterostructures, the Dresselhaus SOC parameter is estimated to be the same as that in bulk GaN, b 4  , =0.33eV A   . [START_REF] Bu | Temperature dependence of electron spin relaxation in bulk GaN[END_REF] Suppose triangle well width to be 5 nm, then   

Methods

AlN/GaN heterostructures were grown epitaxially by molecular beam epitaxy (MBE) on the GaN template. A 120 nm thick layer of unintentionally doped GaN was grown, followed by a 2.5 nm layer of AlN. [START_REF] Yang | Planar anisotropic Shubnikov-de-Haas oscillations of two-dimensional electron gas in AlN/GaN heterostructure[END_REF][START_REF] Yang | Three Subband Occupation of the Two-Dimensional Electron Gas in Ultrathin Barrier AlN/GaN Heterostructures[END_REF] Then the photoresist was spin-coated on the AlN/GaN heterostructures to prevent oxidation of the AlN as soon as possible.

Device fabrication was initiated with standard ultraviolet lithography. 

Fig. 2 (

 2 Fig. 2(a) shows the schematic of the 3T device. The fabrication process is
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  . The Shubnikov-de Haas (SdH) oscillations were observed, as shown in the inset of Fig. 2(d), indicating an even higher mobility compared with the Hall mobility. In the inset of Fig. 2(d), the SdH oscillations are caused only by the perpendicular component cos z of the magnetic field, which demonstrates the 2D characteristic of the electrons. The oscillation frequency is extracted to be 14.9 T. The corresponding electron density is then

  (a). A constant current is injected from the middle spin injection electrode to one reference electrode, while the voltage is measured between the spin injector and the other electrode. Spin accumulation can be detected with Hanle effect by applying a perpendicular magnetic field z B . Electron spins injected via the tunnel junction into the 2DEG precess at a rate =g /
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 3 is the spin accumulation voltage. The fitting curve is shown as the black line in Fig.3(a). The extracted spin relaxation time is 573.0 21  ps at 55 K.The inverted Hanle signal was observed in the same device with parallel magnetic field B  , as shown in Fig.3(a). The inverted Hanle signal is commonly recognized as spin-dependent signal caused by rough interface.[START_REF] Txoperena | Impurity-Assisted Tunneling Magnetoresistance under a Weak Magnetic Field[END_REF] Variously oriented stray field from rough Co/AlN interface induces random spin precession and thus enhances spin relaxation under zero external magnetic field. With increasing parallel magnetic field, random precession is reduced and spin is gradually polarized along B  in 2DEG.Highly polarized spins give rise to a larger electrochemical potential than the dephased spins, which induces a minimum voltage at B  =0. The coexistence of Hanle and inverted Hanle signal in the same device guarantees this Lorentzian-shaped 3T signal from spin accumulation instead of other quantum effects[START_REF] Txoperena | Impurity-Assisted Tunneling Magnetoresistance under a Weak Magnetic Field[END_REF] or interfacial influences.[START_REF] Wan | Nonlocal magnetoresistance due to Lorentz force in linear transport region in bulk silicon[END_REF][START_REF] Tran | Enhancement of the spin accumulation at the interface between a spin-polarized tunnel junction and a semiconductor[END_REF] The inverted Hanle signal (∆V = 7.6 μV) is slight smaller than the Hanle signal (∆V = 10.5 μV), indicating the ignorable influence of local static magnetic field due to the rough Co/AlN interface. Since the unintentionally doped GaN cannot serve as a transport channel with small conductivity 34 , the observed spin accumulation mainly occurs in the 2DEG rather than the bulk GaN. Bias dependence of the Hanle signal Comparison of detailed measurements of Hanle and inverted Hanle signals indicates the different origins and excludes confusing signals from Co or Co/AlN interface. As shown in Fig. 3(b), the amplitude of Hanle signal is weakly decreased with increasing bias. However, with magnetic field parallel to the surface, the corresponding inverted Hanle signal is almost constant, as shown in Fig. 3(c). It figures out the Hanle signal is originated from spin accumulation in semiconductor. The amplitude of spin accumulation is dependent on injection current. Whereas the inverted Hanle signal is commonly recognized as cobalt induced stray field being compensated with B  . 35,3 With different bias, inverted Hanle signals are almost stable. Amplitude and orientation of the stray field stays constant with different bias. Corresponding to the amplitude of the stray field, the full width at half maximum (FWHM) of the inverted Hanle signals stays almost constant as 50 Oe. And the FWHM of the Hanle signals is around 150 Oe, which is three times larger and also points to the difference of Hanle and inverted Hanle signals. It further excludes artifacts such as broad Hanle signals from dead layer or quantum signals induced by Co/AlN interface. 3 Here, 2 nd harmonic measurements were conducted for clearer Hanle signal without background signals. The 2 nd harmonic signals show exact the same behavior as 1 st harmonic signals in our experiments and in Ref. 36.

  but confused with spin in 2DEG. To distinguish them, signals from the interfacial states can be easily tuned by bias caused band bending and thus separated from the 2DEG signals. Careful measurements with different amplitudes of AC were conducted. Fig. 3(b) shows the Hanle signals with various bias at 35 K. Characterized by the FWHM, s  shows weak dependence on bias. Further study is shown in Fig. 3(d), where the spin relaxation time was extracted for different bias at different temperatures. For each bias, the temperature dependence is almost the same, as s  decreasing with increasing temperature. At each temperature, spin relaxation time shows similar weak dependence on bias. Signals from localized states are thus ruled out. 33 Temperatrue dependence of the Hanle signal The dependence of the Hanle signal on temperature is also measured in the range of 8-45 K. Fig. 4(a) and 4(c) show the temperature dependent behaviors for Hanle and inverted Hanle signals, respectively. is also observed in. The spin relaxation time was then extracted by fitting the Hanle curves, which is shown in Fig. 4(b). In Figs. 4(a) and 4(b), with increasing temperature, the spin relaxation time decreases. The maximum spin relaxation time corresponds to 860 ps at 8 K. It is also observed that the Hanle signals' amplitude decreases rapidly with increasing temperature. As shown in Fig. 2(b), the tunneling barrier reduces as temperature increases,. Since spin flips are enhanced with smaller interface tunneling resistance, the enhanced spin flipping causes decreasing of the Hanle signals with increasing temperature. According to previous experiments and theoretical analysis, D'yakonov Perel' (DP) mechanism is the dominant mechanism in wurtzite GaN based materials. 18,37 Calculations are made to check if the DP mechanism fits our experiments. The fitting is shown as the red curve in Fig. 4(b). For the DP mechanism, the spin relaxation time is expressed as 2 3

  After 40-second etching with Ar ion beam to fully remove aluminum oxides at the surface, a 20 nm Co and a 5 nm Au were deposited subsequently with e-beam evaporation in situ. An injector with dimension of 20× 200 µm 2 was completed after lift-off. Also, two reference contacts were fabricated with dimension of 150× 200 µm 2 . The distance between two nearby electrodes is about 230 µm, far more than the spin diffusion length in GaN. The schematic of the heterostructures and the dimensions of each contact are shown clearly in Fig. 2(a). The electrical measurements were performed in a physics parameter measurement system (PPMS), with temperature range of 2-300 K. Keithley 6221 is used for applying alternative current (AC). A lock-in amplifier (Stanford Research SR830) is used for spin detection. Meanwhile, Hall measurements and IV characterization are conducted with Keithley 2400. References: 1. Datta, S. & Das, B. Electronic analog of the electro-optic modulator. Appl. Phys. Lett. 56, 665 (1990).
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 1 Figure 1. Illustration of electron spin injection with Co/AlN/GaN structure. Ef refers
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 2 Figure 2. (a) Device schematic and configuration of 3T Hanle measurement. (b) I-V

Figure 3 .

 3 Figure 3. (a) 3T magnetoresistance under magnetic field perpendicular and parallel to
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 4 Figure 4. (a) Spin dependent voltage with perpendicular magnetic field at 200 µA at
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