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Non-local electrical spin injection and detection in germanium at room temperature F. Rortais, 1 C. Vergnaud, 1 A. Marty, 1 L. Vila, 1 J.-P. Attané, 1 J. Widiez, 2 C. Zucchetti, 3 F. Bottegoni, 3 H. Jaffrès, 4 J.-M. George, 4 and M. Jamet 1 1) Spintec, Institut Nanosciences et Cryogénie, Univ. Grenoble Alpes, CEA, CNRS, F-38000 Grenoble, France Non-local carrier injection/detection schemes lie at the very foundation of information manipulation in integrated systems. This paradigm consists in controlling with an external signal the channel where charge carriers flow between a "source" and a well separated "drain". The next generation electronics may operate on the spin of carriers in addition to their charge and germanium appears as the best hosting material to develop such a platform for its compatibility with mainstream silicon technology and the predicted long electron spin lifetime at room temperature. In this letter, we demonstrate injection of pure spin currents (i.e. with no associated transport of electric charges) in germanium, combined with non-local spin detection at 10 K and room temperature. For this purpose, we used a lateral spin valve with epitaxially grown magnetic tunnel junctions as spin injector and spin detector. The non-local magnetoresistance signal is clearly visible and reaches ≈15 mΩ at room temperature. The electron spin lifetime and diffusion length are 500 ps and 1 µm respectively, the spin injection efficiency being as high as 27 %. This result paves the way for the realization of full germanium spintronic devices at room temperature.

1 Spintronics aims at exploiting the spin degree of freedom to manipulate information, while in conventional electronics, information is associated with the charge of carriers [1][2][3] . In this regard, n-type germanium appears as the best hosting material for spin transport and manipulation 4,5 . The electron spin lifetime is predicted to reach several nanoseconds at room temperature 6 and the compatibility with mainstream silicon technology allows exploiting the spin-related properties of low dimensional SiGe-heterostructures 7 . Electrical spin injection and detection has been explored in Ge films or nanowires using either non-local measurements in lateral or vertical spin valves [8][9][10][11] or the Hanle effect in three-terminal devices [12][13][14][15][16][17][18][19] .

So far, the non-local lateral geometry is the most interesting one for the development of spintronics since the spin can be manipulated in the Ge channel between the spin injector and detector. However, experimental measurements have been limited in temperature to 225 K 8 and the only demonstration at room temperature used an indirect method based on the combination of spin pumping and inverse spin Hall effect (ISHE) 20 .

Here, we demonstrate the lateral spin transport in n-type germanium-on-insulator (GeOI, n=2×10 19 cm -3 ) at 10 K and room temperature using lateral spin valves. By performing non-local magnetoresistance, Hanle and oblique Hanle effect measurements, we could accurately extract the spin lifetime, spin diffusion length and spin injection efficiency to be (τ sf =750 ps; l sf =1.5 µm; P =10 %) and (τ sf =500 ps; l sf =1 µm; P =27 %) at 10 K and room temperature respectively. The weak dependence of the spin lifetime with temperature is in agreement with a spin relaxation dominated by spin scattering on ionized dopants and the Elliott-Yafet mechanism.

For electrical spin injection and detection, we use lateral spin valves (LSVs) fabricated on GeOI. The Ge layer is 1 µm-thick with uniform n-type heavy doping (n=2×10 19 cm -3 ) to favor electrical conduction and reduce the width of the Schottky barrier. The SiO 2 buried oxide layer (BOX) is also 1µm-thick. GeOI was used to well-define the conduction channel and it was fabricated using the Smart Cut T M process from Ge epitaxially grown on Si at low temperature (400 • C) [START_REF] Reboud | Proc. SPIE 9752, Silicon Photonics[END_REF] . By using short duration thermal cycling under H 2 atmosphere, the threading dislocation density was reduced down to 10 7 cm -2 . However, a residual tensile strain of +0.148 % (as determined by grazing incidence x-ray diffraction) built up during the cooling-down to room temperature after the thermal cycling due to the difference of thermal expansion coefficients between Ge and Si. The Ge layer is protected against oxidation by a 10 nm-thick SiO 2 film which is removed using hydrofluoric acid before the introduction into the molecular beam epitaxy (MBE) chamber. The native Ge oxide top layer was then thermally removed by annealing under ultrahigh vacuum. After this cleaning procedure, the reflection high-energy electron diffraction (RHEED) pattern exhibited a well-defined and high-quality (2×1) surface reconstruction as the one shown in Fig. 1a. To achieve electrical spin injection and detection, we used MgO-based MTJ to avoid the impedance mismatch issue [START_REF] Fert | [END_REF] . Moreover, in order to reduce the density of localized states at the MgO/Ge interface 15,23 The sample is then processed into LSVs made of two magnetic tunnnel junctions and two ohmic contacts as schematically shown in Fig. 1b. The nanofabrication process required 5 successive electron beam lithography levels and the key steps are: (i) the ion beam etching of the ferromagnetic electrodes using metallic hard masks, (ii) the growth of ohmic contacts made of Au(250nm)/Ti(10nm) by electron beam evaporation and lift-off technique and (iii) the deposition of a 100 nm-thick SiO 2 passivation layer by ion beam deposition (IBD) to insulate the bonding pads from the Ge channel. An example of LSV is shown in Fig. 1c where the gap, defined as the distance between the ferromagnetic electrodes edges, is 0.5 µm.

The soft and hard magnetic electrodes have been processed with their long axis either along the [110] or the [100] Ge crystal axes and their dimensions are 1×20 µm 2 and 0.5×20 µm 2 respectively. The external magnetic field B ext has always been applied along the [110] Ge crystal axis as shown in Fig. 1c which corresponds to the hard magnetic axis of Fe electrodes.

The MTJs I(V ) curves are almost linear and their resistance-area product ranges between 100 and 600 Ωµm 2 . Magnetoresistance measurements were performed at 10 K and 295 K.

They could be repeated on 5 different lateral spin valves on the same chip with different gaps between the two MTJs.

The measurement configuration of Fig. 2 and3 is the non-local (NL) geometry as schematically shown at the top panel of Fig. 2a and3a: the current is applied between one pair of ferromagnetic-ohmic contacts and the voltage measured on the other pair. By this, only a pure spin current flows between the two ferromagnets without any charge current avoiding the contribution from spurious tunneling magnetoresistance effects to the detected signal 24,25 . Moreover, in the non-local geometry, we cannot detect any spin signal amplification due to spin accumulation into interface states like in three-terminal measurements 23 .

The measured magnetoresistance signal is ∆R N L = R ↑↓ -R ↑↑ ≈-1.7 mΩ at 10 K for a gap of 1 µm (Device A) and a DC current of 20 mA and ∆R N L = R ↑↓ -R ↑↑ ≈-14 mΩ at 295 K for a gap of 0.2 µm (Device B) and a DC current of 2 mA. At both 10 K and 295 K, the NL voltage exhibits a linear dependence on the applied DC current as shown in Fig. 2b and3b respectively. Only a saturation behavior is observed at high currents and 10 K as already observed by Sasaki et al. in silicon and which is likely due to the reduction of the tunneling spin injection at high bias voltages 26 . In Fig. 2c and3c, the corresponding spin resistance signals ∆R N L are then almost constant with the applied DC current.

Since the MTJ resistance-area product is 2 orders of magnitude larger than r Ge = ρ × l sf , ρ and l sf being the Ge resistivity and the predicted spin diffusion length, the non-local spin signal can be written as 27 :

∆R N L = - ρP I P D A l sf exp - L l sf (1) 
where P I (resp. P D ) is the spin polarization of the tunnel current at the injection (resp.

detection) electrode and A the cross-sectional area of the Ge channel. L is the distance between the centers of the ferromagnetic electrodes (i.e. the gap plus half the width of each electrode) and l sf the spin diffusion length in Ge [START_REF]= 0.5 µm. Hence, this correcting factor does not affect significantly the values[END_REF] .

In order to estimate l sf and deduce the P I P D product, we have performed Hanle and oblique Hanle measurements where the external magnetic field is not collinear to the injected spin direction inducing spin precession and dephasing. The measurements are summarized in Fig. 4. In the Hanle geometry (Fig. 4a and4b), the external field is applied perpendicular to the film plane i.e. perpendicular to the injected spin direction. In the oblique Hanle geometry (Fig. 4c), the external field is applied in the film plane at 45 • with respect to the magnetic electrode long axis i.e. at 45 • from the injected spin direction. In both geometries, injected spins experience the Larmor precession and the spin signal ∆R Hanle N L decays following roughly a Lorentzian curve. Starting from the parallel state, the spin signal writes 27 :

∆R Hanle N L (B ext ) ∝ ∞ 0 P (t)f (t)exp(- t τ sf )dt (2) 
where

P (t) = [1/ √ 4πDt]exp[-L 2 /(4Dt)]
is the diffusion function and D the electron diffusion coefficient we determined independently using double Hall crosses: D=32 ± 0.5 cm 2 s -1 at 10 K and 23.5± 0.4 cm 2 s -1 at 295 K. f (t) = cos(ω L t) for the Hanle effect and f (t) = (1+cos(ω L t))/2 for the oblique Hanle effect at 45 • both reflecting the spin precession, ω L = gµ B B ext / is the Larmor angular frequency with g, the g-factor of electrons in the Ge conduction band, µ B the Bohr magneton and the reduced Planck's constant. τ sf is the electron spin lifetime in Ge. By fitting the Hanle curves at 10 K and 295 K in Fig. 4a and 4b using the analytical solution of Eq. 2 [START_REF] Rojas-Sanchez | [END_REF]30 and g=1.54 31 , we find: τ sf =750±100 ps, l sf = Dτ sf =1.5±0.2 µm at 10 K and τ sf =500±50 ps, l sf = 1.0±0.1 µm at 295 K. The spin diffusion length at room temperature is in very good agreement with that obtained by Dushenko et al. 20 who found l sf =0.66±0.2 µm in a Ge film with comparable n-type doping by non-local spin pumping. This value is also in good agreement with that obtained by three-terminal measurements at room temperature: 1.3 µm for n=10 18 cm -3

(Ref. 15 ) and 0.53 µm for n=1.0×10 19 cm -3 (Ref. 17 ). This agreement between non-local and three-terminal Hanle measurements can be attributed to the fact that interface states are only weakly confined at room temperature and have little influence on the spin injection mechanism 15 which might not be the case at low temperature. We notice that the spin lifetime only decreases by a factor 1.5 between 10 K and 295 K. This little temperature dependence is expected for donor-driven spin relaxation in multi-valley semiconductors like Ge at high doping levels (here 2×10 19 cm -3 ) 32,33 . In Fig. 4c, the MR signal obtained in the oblique Hanle configuration looks very similar to that obtained by Li et al. using spin-polarized ballistic hot electron injection and detection 11 in intrinsic Ge. In their case, the spin signal decay is attributed to a reminiscent Dyakonov-Perel mechanism due to the g-factor anisotropy in Ge. The spin scattering rate associated to this spin relaxation process adds to the Elliott-Yafet mechanism and can be written as: 1/τ s,B = ηξ 34 ). fs which gives 1/τ s,B ≈10 6 s -1 for a maximum applied magnetic field of 0.1 T. Hence, the spin relaxation rate due to the g-factor anisotropy is more than 3 orders of magnitude smaller than the spin relaxation rate due to the Elliott-Yafet mechanism on ionized dopants and can be considered as negligibly small in our system. This result is consistent with a Dyakonov-Perel mechanism where the spin relaxation rate is inversely proportional to the electron momentum relaxation rate. Therefore, the spin signal decay in the oblique Hanle geometry is only due to spin precession. However, by fitting the oblique Hanle effect signal using Eq. 2 and g=1.54 at room temperature, we obtain τ sf ≈50 ps which is one order of magnitude less than the value deduced from Hanle measurements. First, we have verified, by numerical simulations, that the rotation of the electrodes magnetization along the applied field cannot justify this shorter spin lifetime. In order to reproduce the experimental data, we use the g-factor as a free parameter and obtain τ sf =350±150 ps, l sf =0.9±0.2 µm and g=0.7±0.2. τ sf and l sf are now in agreement with those obtained by Hanle measurements but the g-factor is reduced by almost a factor 2. This result could reflect the g-factor anisotropy in Ge even in the high doping regime. Indeed, in the Hanle configuration, electron spins precess by ω L τ sf ≈ 2π within the (001) crystal plane whereas they precess out of this plane by ω L τ sf ≈ 2π/3 around the [110] crystal axis in the oblique Hanle configuration.

ω 2 L τm 1+ω 2 L τ 2 m (Ref.
Finally, from the values of l sf and NL magnetoresistance measurements, we use Eq. 1 to obtain: P I P D ≈0.0093 at 10 K and P I P D ≈0.0724 at 295 K. Assuming P I = P D = P , we find: P ≈10 % at 10 K and P ≈27 % at 295 K showing the high spin injection efficiency using epitaxial MTJ on Ge. However, we observe a broad distribution of spin injection efficiency from device to device at a given temperature and we believe that the difference observed between 10 K and 295 K is not significant.

In summary, we have demonstrated spin transport in Ge at room temperature using nonlocal electrical detection and 3 different directions of the applied magnetic field. For this purpose, we used epitaxial Fe/MgO magnetic tunnel junctions to reach high spin injection efficiencies up to 27 % at 295 K. We could give an accurate spin diffusion length of 1 µm at room temperature in heavily doped n-type Ge. Moreover, we have shown that the electron spin lifetime only decreases by a factor 1.5 between 10 K and 295 K revealing the dominant role of spin relaxation due to spin scattering on ionized dopants. Oblique

Hanle measurements revealed the g-factor anisotropy in Ge even in the high doping regime.

Finally, those results definitely show that germanium spintronics has reached a high level of maturity.

trodes widths. In our case, the spin diffusion length is comparable to the electrodes widths and it should be taken into account by multiplying Eq. 1 and Eq. 2 by a factor:

4l 2 sf sinh( w 1 2l sf )sinh( w 2 2l sf ) w 1 w 2
where w 1 and w 2 are the electrodes widths. However, in our case, the spin diffusion length is of the order of magnitude of the electrodes widths and this factor is only a few percents above 1. For example, this factor is 1.05 for lsf = 1 µm and 
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  , we have grown the magnetic tunnel junction Pd(5nm)/Fe(15nm)/MgO(2.5nm) by epitaxy on Ge(100). The overall epitaxial relationship is Fe[100]||MgO[110]||Ge[100] as illustrated by the RHEED patterns along the [110] and [100] crystal axes of Ge in Fig. 1a.

η = (α 4 + β 4 + γ 4 )

 444 with α, β and γ are the directional cosines of the external applied field B ext with respect to the Ge lattice coordinates, ξ = 2[(g -g ⊥ )/(g + 2g ⊥ )] 2 ≈0.11 relates to the g-factor anisotropy and τ m is the electron momentum relaxation time. In our highly doped Ge film, we can consider the following electron momentum relaxation times at 295 K: τ m,imp ≈200 fs for electron scattering on ionized dopants and τ m,ph ≈450 fs for electron intervalley scattering with phonons35 . The resulting momentum relaxation time is τ m ≈140

FIG. 1 . 9 FIG. 4 .

 194 FIG. 1. (color online) (a) RHEED patterns recorded along the [110] and [100] crystal axes of Ge at different stages of the epitaxial growth of the magnetic tunnel junction on Ge(100). (b) Sketch of the lateral spin valve used for non-local electrical spin injection and detection in n-Ge. The electrical current is applied between the hard magnetic layer and one ohmic contact in electron spin injection conditions. (c) Scanning electron microscopy image of the lateral spin valve.
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