A Vedyayev 
  
N Ryzhanova 
  
N Strelkov 
  
T Andrianov 
  
A Lobachev 
  
B Dieny 
  
Non-local signal and noise in T-shape lateral spin-valve structures
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The signal and noise in lateral T-shaped spin-valve structures was investigated from a theoretical point of view in diffusive regime. Due to the T shape of the investigated device, It is found that the non-local signal is strongly influenced by the width D of the spin conducting channel, varying substantially on a lateral length-scale of the order of the spin diffusion length 𝑙 𝑠𝑓 . This effect illustrates the influence of 2D-dimensionality on spin transport in the spin-channel and in particular the strong impact of not only the device size but also of the device shape on the non-local signal. The non-local signals in the longitudinal and transversal directions of the spin channel were calculated as a function of the angle between the magnetization of the various injecting/collecting magnetic electrodes. In addition, the various sources of noise induced in the lateral spin-valve are discussed with a particular attention on the noise due to the thermally induced fluctuations of the spin accumulation vector in the paramagnetic spin conducting channel. An explicit expression of the dependence of the signal to noise ratio on 𝑙 𝑠𝑓 in the paramagnetic spacer and on its dimension was obtained. Implications for the use of such lateral spin-valves as sensors in read-heads for hard disk drives are discussed.

Introduction

Spintronic devices rely on the generation, control and detection of spin-polarized current in magnetic nanostructures. Among them, lateral spin-valves are of a particular interest since they allow the manipulation of pure spin currents [1][2][3][4][5][6][7][8][9][10]. In these multi-terminal devices, a strong gradient of spin accumulation is generated in a first part of the circuit by flowing a charge current between magnetic electrodes. The gradient of spin accumulation then generates a diffusive spin current, which can propagate in a second part of the device, in directions where no charge current flows. Since the spin is a non-conservative quantity in contrast to the charge, the spin-current spatially decays on a length scale characterized by the spin-diffusion length. Pure spin-current source can then be made to study various spintronic phenomena. Among them, the absorption of spin current can result in a spin transfer torque which may be used to switch the magnetization of magnetic nanostructures [11,12] or excite spin-waves [13] or steady magnetic oscillations [14]. Since the spin current is given by the gradient of spin accumulation, the output signals of lateral spin-valves are all the more important that the spin accumulation itself is maximized at its source. To that respect, it was shown that the introduction of tunnel barriers at the interface between the magnetic electrodes and the spin conducting channel allows optimizing the spin current injection by preventing the back-diffusion of the spin accumulation into the electrodes [15][16][17][18]. As a result, part of the spin relaxation is thus suppressed resulting in an enhancement of the spin signal. An additional enhancement can be obtained by laterally confining the spin conducting channel to further reduce the spin relaxation in useless parts of the channel [7].

Here, we investigate a particular two-dimensional geometry of LSV offering an efficient conversion between charge current and spin current [19]. It is sketched in Fig. 1. It has a T shape with magnetic layers at each ends of the T. The horizontal top branch of the T comprises two ferromagnetic dots labeled (1) and (3) separated by a paramagnetic spacer (2). The vertical branch of the T is made of a paramagnetic spin conducting channel (4) in contact with the paramagnetic spacer (2) on its top edge and with a third ferromagnetic dots at its bottom edge (5) (Fig. 1). In this model, all parts (1)-( 5) are supposed to be in the same plane, have the same thickness and be separated by perfectly flat interfaces. As we will show in this paper, the transport along the spin conducting channel cannot be considered here as 1D. The two dimensional character of the spin transport in the channel is important to take into account and yields a significant dependence of the non-local signal not only on the length of the spin conducting channel as well known in the 1D case [17,20,21] but also on its width with a characteristic length scale also of the order of lSF. As a result of this 2D character, the damping of the spin current as it propagates along the channel is found to be much faster in parallel alignment than in antiparallel alignment of the magnetization in 1 and 3. This effect can be used to increase the sensitivity of the non-local device on the relative orientation of the magnetization in 1 and 3. As a matter of fact, numerical simulations of spin transport in 3D geometry were already performed in Ref. [22] but we provide here an analytical solution. In a second part of the paper, the different sources of noise present in such devices are discussed with a particular focus on the noise due to thermal excitations within the spin accumulation. The signal to noise ratio (SNR) of the device is derived and discussed in comparison to typical SNR values obtained in magnetoresistive readers for hard disk drives. Implication for the use of such lateral spin-valves as readers in hard disk drives are discussed.

Model

To start with, the distribution of spin accumulation and profile of induced drop of voltage along the magnetic electrode 5 were calculated for the two-dimensional lateral spin valve structure shown in Fig. 1. We emphasize that we investigate here purely classical effect in diffusive regime associated with the geometry of the investigated device. More explicitly, the injected charge current 𝐽 𝑒 flowing along the 3-2-1 stripe produces a non-equilibrium spin accumulation in conductor 2 which spatially depends on coordinate x. As a result, the spin-current injected from electrode 2 into the paramagnetic channel 4 also depends on coordinate x. We investigated this dependencies for width D of the paramagnetic layer 4 comparable to the spin diffusion length ℓ 𝑠𝑓 in paramagnetic layer (ℓ 𝑠𝑓 ≈100 nm). In this range of dimension, quantum size effects which are proportional to the parameter 1/(𝑘 𝐹 𝐷) where the Fermi wave vector 𝑘 𝐹 is of the order of 10 nm -1 , are negligible [23]. So our theoretical approach is based on classical kinetic equation, transformed by Valet and Fert into the system of diffusion equations [24], describing the spin-transport in spin-valves in CPP geometry.

Because quantum confinement effects are expected to be negligible in the investigated device, we did not use the non-equilibrium Green function approach presented in Ref. [25] but rather the classical diffusive approach. Besides, it was shown that the non-equilibrium Green function approach, after some reasonable approximations, leads to the same diffusion equations, suggested in Ref. [24] in the case of collinear orientation of magnetizations of ferromagnetic layers in magnetic multilayers.

Electrical 𝑗 ⃗ 𝑒 and spin 𝑗̂𝑚 currents in spin-diffusion theory can be written in each layer as: 

𝑗 𝑒 𝑖 =
where 𝜉 𝑖 -is the coordinate axis, 𝜎 -the conductivity of the layer, 𝛽 -spin asymmetry parameter of the conductivity, 𝜑 -the electrical potential, 𝜈 -the electron density of states at Fermi energy, 𝑀 ⃗⃗⃗unit vector along magnetization of the layer, 𝑚 ⃗⃗⃗ -spin accumulation vector. We adopted the electron charge 𝑒 = 1. The diffusion equations are written:

∑ 𝜕 𝜕𝜉 𝑖 𝑗 𝑒 𝑖 = 0, ∑ 𝜕 𝜕𝜉 𝑖 𝑗 𝑚 𝑖𝑗 𝑗 = 𝑚 𝑗 𝜏 𝑠𝑓 , 𝑖 (2) 
where 𝜏 𝑠𝑓 is the relaxation time of spin-flip processes.

The independent variables 𝜑 and 𝑚 ⃗⃗⃗ depend on two coordinates 𝜉 𝑖 = 𝑥, 𝑧. In this case, assuming the condition of zero electrical and spin currents perpendicular to the lateral sides of 4-th and 5-th layers, the solutions of equations (2) for spin accumulation and potential in 4-th and 5-th layers can be written as: 

𝑚 = ∑
where 𝑘 2 = 1/𝑙 2 + 𝜘 2 , 𝑙 -is the spin diffusion length in the corresponding layer, 𝜘 = 𝜆 = 𝜋𝑛/𝐷, 𝑛 = 0, 1, …. The unknown coefficients can be found from the conditions of continuity of all currents. The solutions for the potential 𝜑 in layer 5 is then: 

𝜑 5 = ∑ 𝑚 ̃2 𝑛 𝔇 𝑛 [ cosh
where 𝑚 2 (𝑥) -is the profile of spin accumulation in layer 2. In expressions (4), we kept terms depending on the mutual orientations of magnetizations in ferromagnetic electrodes: if signs of all 𝛽 𝑖 are equal, the magnetizations of all electrodes are parallel and if one sign is opposite to the two others, the magnetization of this electrode is antiparallel to the two other ones.

To give some insights into the physical meaning of expression ( 4), we rewrote it in the case n=0

(lowest order in Fourier expansion) and under the conditions σ 4 ≫ σ 5 , L 4 /ℓ 4 ≫ 1:

𝜑 5 = 𝜑 ̃2 (0) + 𝑚 ̃2 (0) 2𝛽 5 𝜈 5 (1 - cosh(𝐿 5 -𝑧)/ℓ 5 cosh(𝐿 5 -𝐿 4 )/ℓ 5 ) 𝑒 -𝐿 4 /ℓ 4 ≡ const - 𝛽 5 𝜈 5 𝑚 5 , 𝜑 ̃2 (0) = 2 𝐷 ∫ 𝜑 2 (𝑥) 𝑑𝑥 0 -𝐷 . (6) 
So if 𝑚 ̃2 𝑛 =0 for 𝑛 > 0 (which is the case for very narrow channel 4 for instance i.e. D<<ℓ 𝑠𝑓 ), the potential in the paramagnetic layer 4 is found to be uniform (independent on coordinates z and x), while it depends on z in the ferromagnetic layer 5 (analyzer) as described by relation (6). Actually a linear relationship of the form 𝜑 = 𝜑 0 -𝛽𝑚/𝜈 exists in conductor 5 between the local potential and the local spin accumulation. If higher orders in Fourier expansion are taken into account, the potential and spin accumulation are everywhere non-uniform, as will be shown later. In Fig. 2, the profile of spin accumulation along x direction for different values of coordinate z is shown for parallel and antiparallel orientation of the magnetization in layers 1 and 3. In the case of antiparallel configuration (AP) between magnetization in layer 1 and 3 (upper graph in Fig. 2), the spin accumulation in conductor 2 between 1 and 3 takes a large value, weakly dependent on x in conductor 2 and exhibiting an even symmetry with respect to the vertical symmetry plane of the device (plane x=-150nm for the chosen geometry). At position z=+300nm along the spin conducting channel, this even symmetry is still reminiscent. At position z=+350nm and z=+400nm, the spin accumulation distribution gets more and more affected by the magnetic conductor 5 whose magnetization points along x explaining the rising asymmetry observed on the curves for these positions. If we now look at the drop of the maximum value of the spin accumulation (value at x=-300nm) between z=+300nm and z=+400nm, the drop is by a factor ~2 in this case of AP configuration between 1 and 3.

Results

In contrast, in the situation of parallel configuration (P) between the magnetization in 1 and 3, the profile of spin accumulation in 2 has an odd shape with respect to the plane of symmetry (x=-150nm)

varying from a large positive value at the interface with 1 to a large negative value at the interface with 3. At z=+300nm, +350nm and +400nm, this odd profile remains. However, the maximum values of spin accumulation (value at x=-300nm) on this profile drops at a much faster rate in this P configuration than in the previous AP configuration. Indeed, between z=+300nm and z=+400nm, the drop is by a factor ~7 in the P case whereas it is ~2 in the AP case. This demonstrates that the stronger transversal gradient (in x-direction) of spin accumulation present in the P case is more strongly attenuated in its diffusion along the spin channel in the z direction than the shallower gradient present in the AP case.

In the used geometry, this difference in spin current attenuation and the resulting drop of voltage 𝛥𝜑 measured across the ferromagnetic layer 5 strongly depends on the width of the spin conducting channel as illustrated in Fig. 3 When the magnetizations of the two ferromagnetic electrodes 1 and 3 are assumed to be parallel, the spin accumulation in layer 2 is an antisymmetric function of coordinate 𝑥, so 𝑚 ̃2 0 = 0 and the main contribution into the drop of voltage is due to the first harmonic in (3).

For the narrow spin channel 4 and in parallel case (Fig. 3a), the spin accumulation decreases sharply exponentially along the 𝑧-axis in layer 4. The spin current has almost vanished when reaching the ferromagnetic layer 5 so that the value of the drop of voltage 𝛥𝜑 is quite small (𝛥𝜑 = 0.32 10 -7 Volt)

for the parameters listed in the caption of Fig. 2.

In the case of wide spin channel (Fig. 4a), the spin accumulation decreases much more slowly so that the drop of voltage 𝛥𝜑 increases up to 10 -4 for an applied bias voltage of 1V. In both cases, the drops of potential measured on the opposite sides of ferromagnetic electrode 5 at 𝑥 = 0 and 𝑥 = -𝐷 have opposite sign. This feature is reminiscent of the antisymmetry of the spin accumulation built up in conductor 2. Due to this antisymmetry, a transverse drop of voltage 𝛿 = 𝜑| 𝑥=0 -𝜑| 𝑥=-𝐷 could also be measured across the ferromagnetic layer 5 similar to a quasi Hall effect. This transverse Hall voltage is small (𝛿~0.7 10 -6 𝑉 at z=400nm) for the narrow spin channel, due to the almost complete attenuation of the spin current along the spin conducting channel. It is however significant in the case of the wide channel since the spin current attenuation is then much weaker (𝛿~0.27 10 -3 𝑉 at z=400nm).

Concerning the amplitude of the longitudinal drop of voltage across the ferromagnetic layer 5, Δ𝜑 weakly varies in absolute value as a function of the orientation of the magnetization of 5 with respect to 1 and 3. Indeed, in the narrow spin channel case, Δ𝜑 is in any case very small so that its variation as the magnetization of 5 is reversed (i.e. 5 changes sign) is even smaller (<10 -7 V). In the case of wide spin channel, this variation is larger but still fairly small Δ𝜑 𝛽 5 =0.7 -Δ𝜑 𝛽 5 =-0.7 = 0.06 10 -4 𝑉 at z=500nm. In the case of antiparallel orientation of magnetizations of ferromagnetic electrodes 1 and 3, the spin accumulation in conductor 2 has a symmetric profile with a large average value. As previously discussed the attenuation of the spin current during its propagation along the spin conducting channel is weaker than in the parallel case resulting in larger signals Δ𝜑 across the ferromagnetic layer 5.

In the case of the narrow spin channel (𝐷 = 100nm), the value of 𝑚 ̃2 1 = 0 and the main contribution into the drop of voltage Δ𝜑 is due to the zero-order component of 𝑚 ̃2 0 (large average value of the spin accumulation in conductor 2). The drop of voltage Δ𝜑 across the ferromagnetic layer 5 is much larger than in the parallel case, reaching 0.64 10 -4 V. This value changes sign when the magnetization of 5 is reversed yielding a total variation of voltage of 1. 28 10 -4 V upon magnetization reversal. In addition, the profiles of the potential variation 𝜑 5 (𝑧) along the two sides of the ferromagnetic layer 5 are the same (Fig. 3b, same curves for x=0 and x=-100nm for the same value of 5). This means that no transverse voltage would be measured in this case in contrast to the situation where 1 and 3 are in parallel configuration. This is due to the even symmetry of the spin accumulation built up in conductor 2 in this antiparallel configuration of 1 and 3.

For the wide spin channel (Fig. 4), 𝑚 ̃2 1 is still zero, but some contributions in 𝜑 5 (𝑧) yield terms proportional to:

𝜑 ̃2 1 = 1 𝐷 ∫ 𝜑(𝑥) cos 𝜋𝑥 𝐷 𝑑𝑥 0 -𝐷 , (7) 
omitted in (4) for simplicity. In this case, the distribution of potential over the ferromagnetic layer 5 has a more complex behavior shown in Fig. 5 in the case where the magnetization in 5 is pointing along the +x-axis. This asymmetric distribution yields drops of voltage both in the longitudinal (along z-axis) and transverse (along x-axis) directions. These drops of voltages also significantly depends on the magnetization orientation in ferromagnetic layer 5 as shown in Fig. 4b. For instance, at x=0, the drop of voltage Δ𝜑 across the ferromagnetic layer 5 varies from 0.29 10 -4 V to 0.76 10 -4 V upon reversing the magnetization in layer 5.

Interestingly, in the antiparallel configuration of 1 and 3, the variation of Δ𝜑 across the ferromagnetic layer 5 upon rotating the magnetization of ferromagnetic layer 5 can be the basis of a magnetic field sensor. The layers 1 and 3 would be pinned whereas the ferromagnetic layer 5 would constitute the sense layer of the sensor. Both narrow and wide spin channel could be used since Δ𝜑 significantly varies when 5 changes sign as illustrated in Fig. 3b and4b. Besides the signal itself, an important characteristic to investigate for sensor application is the noise and the resulting signal to noise ratio. Different mechanisms of noise in mesoscopic systems with ferromagnetic electrodes were investigated in earlier studies [26][27][28][29]. We evaluate here the signal to noise ratio (SNR) in the present lateral structure. The SNR is defined as Δ𝜑 0 /√𝛿〈(Δ𝜑) 2 〉, where 𝛿〈(Δ𝜑) 2 〉 is the mean quadratic deviation of the signal.

A first source of noise is the Johnson noise √4𝑘 𝐵 𝑇𝑅∆𝑓 . Assuming a bandwidth of 2GHz, a sheet resistance (resistivity/thickness) of the element 50, the Johnson noise amplitude is estimated to be of the order of 20V. Considering that the expected signal is typically of the order of 100V (see Fig. 7), this means Δ𝜑 √𝛿〈(Δ𝜑) 2 〉 𝐽𝑜ℎ𝑛𝑠𝑜𝑛 ~5 Another source of noise may be associated with fluctuations of the direction of magnetizations of the ferromagnetic sense electrode 5. It is easy to show following Ref. [START_REF] Smits | Tunnel Junctions : Noise and Barrier Characterization[END_REF] 

where 𝐾 𝐹 is the uniaxial anisotropy constant, Ω -volume of the soft ferromagnetic electrode (element 5 in Fig. 1), 𝑇 -temperature, 𝜃 -the angle between the magnetization of ferromagnetic ~17 around 𝜃 = 90°.

Besides, another source of noise in the investigated lateral spin-valves may originate from the thermally induced fluctuations of the spin accumulation 𝑚 2 (0) in the paramagnetic layers 2 and 4. In this case:

Δ𝜑 √𝛿〈(Δ𝜑) 2 〉 = 1 |sin 𝜃| √ |𝑚| 2𝑘 𝐵 𝑇𝜒 ′ , (9) 
where 𝜒′ is the real part of the static susceptibility of the spin accumulation. The latter can be calculated by adding the term 𝛾[𝑚 ⃗⃗⃗ × 𝐻 ⃗ ⃗⃗ ] in equations ( 1), (2), where H -is a small fluctuating magnetic field in the 𝑧-direction.

Linearizing and solving this system of equations to first order in 𝐻 0 𝑧 yields the explicit expression of the static susceptibility and finally the SNR expression:

Δ𝜑 √𝛿〈(Δ𝜑) 2 〉 𝑓𝑙𝑢𝑐𝑡 ∆𝜇 = |𝑚 2 (0) | |sin 𝜃| [ 𝑘 𝐵 𝑇 ℏ𝑁 eff 𝔇𝐷 ∫ 𝑑𝑥 |𝐶 1 𝑒 𝑥 𝑙 2 + 𝐶 2 𝑒 - 𝑥 𝑙 2 | 0 -𝐷 ] - 1 2 
, (10) where 𝑁 eff = 𝑙 2 𝐷𝑡/𝑎 0 3 , 𝑡 is the thickness of the paramagnetic layer in 𝑦-direction, 𝑎 0 -the lattice parameter and 𝔇 -diffusion constant. In addition, , where 𝑙 𝑝𝑟 -spin-precession length in the ferromagnetic layer [START_REF] Zhang | [END_REF], 𝜎 = 𝜎 1 = 𝜎 3 , 𝑙 1 = 𝑙 3 = 𝑙 and 𝛽 = 𝛽 1 = -𝛽 3 (antiparallel configuration between 1 and 3). Both signal and noise increase and saturate with increasing 𝑙 2 due to exponential attenuation of the spin accumulation travelling along the spin channel 4 (see Fig. 1). They saturate for values of 𝑙 2 larger than the spin channel length. Meanwhile in the expression of the signal to noise ratio (SNR) associated with thermal fluctuations of spin accumulation, these exponents cancel so that for small values of 𝑙 2 the dependence of SNR is of the form 𝐶 0 + 𝐶 1 𝑙 2 as shown in the inset of Fig. 10. Concerning the dependence of noise and SNR versus 𝑙 𝑝𝑟 (Fig. 9 and 10), it is observed that shorter 𝑙 𝑝𝑟 yields lower noise and larger SNR. Shorter 𝑙 𝑝𝑟 in the ferromagnetic layers actually means stronger exchange interactions in the ferromagnetic electrodes which can reinforce the orientation and stiffness of the spin accumulation in the paramagnetic spacer, so reducing its fluctuations.

𝑚 2 (0) = 1 𝐷 ∫ (
The comparison of the 3 sources of noise discussed above yields SNRJohnson~3 to 10 depending on the signal amplitude, SNRmag fluct~10 to 20 depending on the magnetic properties of the magnetic sense dot 5 (in particular its anisotropy energy), SNRfluct ~10-50 depending mostly on the properties of the spin conducting channel (in particular the susceptibility of the spin accumulation), it seems that the dominant one is the Johnson noise due to the relative weakness of the non-local output signal. Adding the 3 sources of noise together yields a net SNR given by : This type of lateral spin-valve sensors could a priori be interesting to use as magnetic field sensors in hard disk drives. There, the magnetic dot 5 would serve as a sense layer and be inserted in the read gap of the head next to the air bearing surface (ABS). The advantage of using such lateral spin-valves as read-head rather than a magnetic tunnel junction (MTJ) is the total thickness of the device. This thickness has to be as small as possible since it determines the shield to shield spacing which directly influences the downtrack spatial resolution. Since 1991 where the first magnetoresistive heads were introduced based on anisotropic magnetoresistance (AMR) [START_REF] Fullerton | Proc. IEEE[END_REF], several technologies of magnetoresistive heads have been developed [START_REF] Fullerton | Proc. IEEE[END_REF] successively based on the current in-plane giant magnetoresistance (CIP-GMR) of spin-valves [START_REF] Dieny | [END_REF] and on tunnel magnetoresistance (TMR) [34].

Nowadays, a conventional MgO-based in-plane magnetized MTJ for hard disk drive has a typical thickness of the order of 22nm. In contrast, lateral spin-valves with additional insulating bottom and top layer could have a total thickness of about 14nm or even less compatible with the requirement for areal density of 5Tbit/in² [35]. However, at the moment, the SNR calculated above for the investigated lateral spin-valves (6dB-16db) is much lower than in conventional sensors based on tunnel magnetoresistance or current perpendicular to plane giant magnetoresistance (SNR in the range 30-40dB) [36]. It is therefore important to further increase the output signal in these lateral spin valves to fully exploit the advantage of their reduced thickness for read-heads used in hard disk drives.

Fig. 1 :

 1 Fig. 1: Model of the considered lateral spin-valves. 1, 3 and 5 -are ferromagnetic layers (dots). 2 and 4 are paramagnetic layers. The magnetization of layer 3 is fixed along the x-direction. The magnetization of layer 1 can be set along 𝑥 axis (=0) or in the opposite direction (=). The magnetization of layer 5 can take any in-plane (xz) orientation,  being the angle between the xaxis and its magnetization. The charge current flows along the 𝑥 axis. The output non local voltage is supposed to be measured along the 5-th layer.

Fig. 2 :

 2 Fig. 2: Profile of spin accumulation 𝑚 4 in layer 4 along x axis for parallel and antiparallel orientation of magnetizations in electrodes 1 and 3 and for three values of coordinate 𝑧. Magnetization in 5 is supposed to be oriented along x-axis direction (5=0.7). The origin (x=0, z=0) is at the bottom right corner of conductor 2 in Fig.1. Point 𝑧 = +400𝑛𝑚 corresponds to the interface between 4 and 5 layers. Units of 𝑚 4 is the difference between the numbers of accumulated electrons per atom with spin "up" and spin "down". Parameters are: 𝜎 1 = 𝜎 3 = 𝜎 5 = 0.001 (𝛺 ⋅ 𝑛𝑚) -1 , 𝜎 2 = 𝜎 4 = 0.01 (𝛺 ⋅ 𝑛𝑚) -1 , ℓ 1 = ℓ 3 = ℓ 5 = 10𝑛𝑚, ℓ 2 = ℓ 4 = 100𝑛𝑚, 𝜈 = 0.1, 𝛽 1 = 0.7, 𝐿 = 400𝑛𝑚, 𝐿 4 = 400𝑛𝑚, 𝐿 5 = 500𝑛𝑚, applied voltage 𝑉 = 1𝑉𝑜𝑙𝑡.

and Fig. 4 .

 4 These figures show the profiles of the drop of voltage along 𝑧 axis in ferromagnetic layer 5 for two different widths of the spin conducting channel (Fig.3: Narrow spin channel D=100nm; Fig.4: Wide spin channel D=300nm).

Fig. 3 :Fig. 4 :

 34 Fig. 3: Potential profile along the two lateral sides (x=0 and x=-100nm) of the ferromagnetic layer 5 in the case of a narrow spin channel (𝐷 = 100nm) as a function of position along z-axis in case of (a) parallel configuration between 1 and 3 (𝛽 3 = 0.7) and (b) antiparallel configuration between 1 and 3 (𝛽 3 = -0.7). In each graph, two situations are considered: The magnetization of ferromagnet 5 is either assumed to point along the positive x-axis for 5=0.7 or along the negative x-axis for 5=-0.7. 𝜎 1 = 𝜎 3 = 𝜎 5 = 0.001 (𝛺 ⋅ 𝑛𝑚) -1 , 𝜎 2 = 𝜎 4 = 0.01 (𝛺 ⋅ 𝑛𝑚) -1 , ℓ 1 = ℓ 3 = ℓ 5 = 10𝑛𝑚, ℓ 2 = ℓ 4 = 100𝑛𝑚, 𝜈 = 0.1, 𝛽 1 = 0.7, 𝐿 = 400𝑛𝑚, 𝐿 4 = 400𝑛𝑚, 𝐿 5 = 500𝑛𝑚, applied bias voltage 𝑉 = 1𝑉𝑜𝑙𝑡. The numbers in the graph indicate the amplitude of the voltage variation across the ferromagnetic layer 5 in the z direction.

Fig. 5 :Fig. 6 : 3 .Fig. 7 :

 5637 Fig. 5: Distribution map of potential 𝜑 5 in the ferromagnetic layer 5 for antiparallel configuration of the magnetization in 1 and 3. The parameters are the same as in Fig. 2. Magnetization in 5 is supposed to be oriented along x-axis direction

electrode 5

 5 and x-axis. Assuming an anisotropy 𝐾 𝐹 = 5.10 3 𝐽/𝑚 3 , a volume of the magnetic dot 5 of 3nm*100nm*100nm, (7) yields Δ𝜑 √𝛿〈(Δ𝜑) 2 〉 𝑚𝑎𝑔.𝑓𝑙𝑢𝑐𝑡.

Fig. 8 :Fig. 9 :Fig. 10 :

 8910 Fig. 8: Signal dependence versus 𝑙 2 (spin diffusion length) for different values of 𝐷. Other parameters are the same as in Fig.3. The inset is a zoom on the more realistic region of low 𝑙 2 values (Up to 100nm).

  net SNR in the range between ~2 and ~6. Using the convention SNR=20log10(signal amplitude/noise amplitude), this yields SNR values in the range 6dB to 16dB.
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