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We show that the photon energy dependence of the photo-induced inverse spin-Hall

effect (ISHE) signal at Pt/semiconductor junctions can be reproduced by a model

that explicitly accounts for the electron spin diffusion length Ls in the semiconductor.

In particular, we consider the Pt/GaAs, Pt/Ge and Pt/Si systems: although optical

spin injection and transport of spin-polarized electrons in the conduction band of

these semiconductors is ruled by different mechanisms, a simple one dimensional

analytical diffusion model, where Ls is the free parameter, can reproduce the ISHE

data in all cases. This highlights the potentialities of the photo-induced ISHE spectra

as a tool to directly address fundamental spin transport properties in semiconductors.
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In the past decades, semiconductors have turned out to be an ideal platform for the

development of spintronic applications.1 Pioneering studies on optical2,3 and electrical4–7

spin injection, transport8,9 and dynamics10,11 have been mainly performed in III-V semi-

conductors and related heterostructures.12–17 However, in these semiconductors the lack

of inversion symmetry introduces an efficent spin relaxation channel, represented by the

Dyakonov-Perel mechanism,18–20 which limits the electron spin lifetime to few nanoseconds

at room temperature.1

An alternative platform for the development of spintronic devices is represented by group-

IV semiconductors. In particular, much effort has been devoted to the study of spin gen-

eration and transport in Ge, Si and SiGe heterostructures, which are considered promising

candidates in the field of spintronics thanks to the inversion symmetry, the integrability

with nowadays electronic devices and the ability of suppressing hyperfine interactions.21,22

The implementation of electrical spin injection/detection schemes in Ge23–30 and Si31–39 have

paved the way to the understanding of the fundamental spin transport parameters in these

materials, such as the electron spin diffusion length, the injected electron spin polarization

and the spin-mixing conductance at the metal/semiconductor (SC) interface.

Notably, thanks to their large spin-orbit interaction (SOI), GaAs and Ge can be also ex-

ploited to electrically generate a pure spin current by means of the spin-Hall effect,40–42

or to convert a spin current into a charge current through the inverse spin-Hall effect

(ISHE),26,29,43,44 whereas in Si the low SOI prevents efficient spin-to-charge interconversion

phenomena.45

SOI plays a crucial role also for optical spin injection: in GaAs and Ge, the energy

difference (∆so = 0.34 eV and 0.29 eV for GaAs and Ge, respectively) between heavy-hole

(HH), light-hole (LH), and split-off (SO) states at the Γ point of the Brillouin zone allows

generating a spin-oriented population of electrons in the conduction band. This is made

possible by exploiting dipole selection rules for optical transitions with circularly-polarized

light. In this case a maximum spin polarization P = 50% is achieved if the incident photon

energy is tuned to the SC direct gap (Ed = 1.42 eV and 0.8 eV for GaAs and Ge, respectively,

at room temperature).2,3,46–49 Eventually, by applying strain or quantum confinement, the

electron spin polarization can be enhanced well above 50%, as experimentally demonstrated

both in GaAs48,50 and Ge51,52 based heterostructures.

A convenient spin detection scheme relies on ISHE, taking place in a thin Pt layer evapo-
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rated on the top of the semiconductor,53–58 where the optically-injected spin current is con-

verted into a tranverse charge current through spin-dependent scattering with Pt nuclei.53

The versatility of the optical spin injection technique also provides the possibility of de-

signing non-local architectures, where spin is optically injected and electrically detected,59

without the use of any ferromagnetic building block.

Unlike GaAs and Ge, Si has a very low spin-orbit interaction, being ∆so only 40 meV.

Nevertheless, it has been recently demonstrated, both theoretically60 and experimentally,61

that it is possible to optically inject a net spin polarization at the indirect gap of bulk

Si (Ei = 1.1 eV at room temperature) with a maximum spin polarization P ≈ 5%, by

exploiting phonon-assisted optical transitions with circularly-polarized light. Once more,

the photogenerated spin current can be detected by exploiting the ISHE due to spin-oriented

electrons injected into a thin Pt film acting as spin detector.61

In this paper we show that Pt/semiconductor junctions, where spin is optically injected

and electrically detected, represent a valuable tool to estimate the electron spin diffusion

length Ls in these materials. The photon energy dependence of the ISHE signal for GaAs,

Ge and Si is interpreted in the frame of a one dimensional analytical diffusion model, where

Ls is a free parameter, used to fit the corresponding dataset.

The investigated devices and the experimental geometry are sketched in Fig. 1a: a 5× 5

mm2-wide and 4 nm-thick Pt layer is deposited by e-beam evaporation on top of the SC

substrate, namely a 350 µm-thick Si-doped GaAs(001) (doping concentration, Nd = 2×1018

cm−3), a 450 µm-thick As-doped Ge(001) (Nd = 1.6 × 1016 cm−3) and a 500 µm-thick

P-doped Si(001) (Nd = 8.95 × 1014 cm−3). Two 200 nm-thick Au/Ti contacts are then

evaporated on each sample at the edges of the Pt layer along the y axis. The height of the

Schottky barrier EB = 0.59 eV, 0.63 and 0.83 eV for GaAs, Ge and Si, respectively, has been

measured by fabricating metal-SC-metal junctions and exploiting the I-V curve analysis of

Ref. 62.

In GaAs, optical spin orientation generates an electron spin population around Γ: spin-

polarized hot electrons relax at the bottom of the conduction band and then diffuse towards

the Pt layer (see Fig. 2b). In this case, both spin generation and transport occur at Γ. At

variance from GaAs, in Ge optically-oriented spins are promoted in the conduction band

around Γ and are scattered within hundreds of femtoseconds towards the four equivalent L

minima, where spin transport takes place, partially preserving their initial spin polarization
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FIG. 1. (Color online) (a) Scheme of the Pt/SC (SC = GaAs, Ge, Si) sample and the experimental

geometry: ϑ is the angle between the direction of the incident light (identified by the unit vector uk)

in the SC and the normal n to the sample surface, whereas ϕ is the angle between the projection of

uk in the sample plane and the x axis. (b) Sketch of the band structure of the Pt/GaAs junction,

where EB = 0.59 eV is the Schottky barrier height. Optically-oriented spins are generated in the

GaAs conduction band from HH-LH states and diffuse around Γ. (c) Sketch of the band structure

of the Pt/Ge junction (EB = 0.63 eV). Optically-oriented spins are generated in the Ge conduction

band around Γ from HH-LH states and undergo an ultrafast Γ − L scattering. (d) Sketch of the

band structure of the Pt/Si junction (EB = 0.83 eV). Spin-polarized electrons are generated from

HH and LH states and diffuse around the ∆-minima of the Si Brillouin zone.

(see Fig. 1c).52 Finally, in Si optically-oriented spins are directly generated and diffuse along

the ∆ minima (see Fig. 1d), although the initial spin polarization, as already mentioned, is

much smaller than in the case of GaAs and Ge.

ISHE measurements have been performed in air at room temperature: the light source

consists of a supercontinuum laser, which provides a white broadband collimated beam with

photon energies ranging from 0.7 to 1.75 eV. A monochromatic beam with a resolution of

≈ 10 meV is then generated by a dedicated optical setup and focused on the sample surface

(spot size d ≈ 100 µm) for optical spin injection. The circular polarization of the light is

modulated by a photoelastic modulator (PEM) at 50 kHz. In our devices, spin accumulation

is revealed in Pt since the spin current density Js, diffusing along the z axis from the SC

to the metal/SC interface, enters the Pt layer mainly through thermionic emission. In this

case ISHE in Pt generates an electromotive field63

EISHE = DISHEJs × uP, (1)
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where DISHE is a parameter representing the efficiency of the ISHE process and uP is the unit

vector corresponding to the direction of the spin polarization vector P, parallel to the light

wavevector inside the SC. We therefore measure the electromotive force ∆V ∝ EISHE ·d by a

lock-in amplifier under open-circuit conditions between the two Au/Ti contacts. Due to the

position of the electrical contacts (see Fig. 1a) and of the relative orientation between EISHE

and Js expressed by Eq. 1, our experimental set-up is only sensitive to the x component

of P. Off normal illumination is achieved with the laser beam partially filling off-axis an

achromatic plano-convex lens with 40 mm-focal length, which focuses the light on the sample

with a polar angle ϑ ≈ 10◦ (see Fig. 1a), thus obtaining a polar angle ϑSC ≈ 2◦ inside the

SC. Eventually, the in-plane component of P can also be varied through the azimuthal angle

ϕ, as shown in Fig. 1a.

The ISHE signal as a function of the incident photon energy for ϑ ≈ 10◦ and ϕ = 0 is

shown in Fig. 2 for all the Pt/SC junctions. The experimental data have been normalized

first to the photon flux Φph inside the SC, simultaneously measuring the incident optical

power on the sample and calculating the transmission coefficient through a multilayer optical

analysis,53,55,57,61 and then to the maximum value.

The behaviour of the signal for the Pt/GaAs junction (see Fig. 2a) indicates that, when

the incident photon energy approaches the GaAs direct gap, i.e. hν ≈ 1.42 eV, where

the spin polarization is expected to be maximum, the ISHE signal is quite small. The

latter increases only far from resonance conditions.57 The same holds for the Pt/Si junction:

indeed the ISHE signal is minimum at correspondence with photon energies approaching the

Si indirect gap, i.e. hν ≈ 1.2 eV, as shown in Fig.2c,60 whereas it increases and reaches a

plateau for hν > 1.4 eV. On the contrary, the energy dependence of the ISHE signal for the

Pt/Ge junction (see Fig. 2b) resembles the one of the initial electron spin polarization,64 as

also confirmed by numerical calculations based on spin drift-diffusion equations.57

In order to capture the essential features of optically oriented spin transport in GaAs, Ge

and Si, we consider an analytical model solving the diffusion equation in a semi-infinite bulk

SC along the z axis. We neglect the current contributions given by the carrier-concentration

gradient in the xy plane and we take into account the one dimensional spin transport prob-

lem along the z axis. Then, we set z = 0 at the sample surface so that z ∈ [0,∞]. As a

consequence of the optical spin injection, both spin-polarized electrons and holes are gener-

ated into the SC. However, since the electron spin lifetime is much larger than the hole spin
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FIG. 2. (Color online) ISHE spectra for the Pt/GaAs (a), Pt/Ge (b) and Pt/Si (c) junctions, nor-

malized first to the photon flux Φph inside the SC and then to the maximum value. Measurements

have been performed at room temperature for ϑ ≈ 10◦ and ϕ = 0. Each data point represents the

average value of five acquisitions and the bar length correspond to twice the associated standard

deviation.

lifetime in GaAs,10 Ge65 and also Si,33,37 we can assume that most of the spin signal is car-

ried only by the spin polarized electrons, disregarding the contribution of the spin-polarized

holes. In the pure diffusive regime and under steady-state conditions, we can write the

following expression for the optically-induced electron spin density s(z):

qD

[
∂2s(z)

∂z2
− s(z)

L2
s

]
= −G0e

−αz, (2)

being q the electron charge and D the ambipolar diffusion coefficient for the SC. The right-

hand side of Eq. 2 represents the generation term in the optical spin injection process:

G0 = qPxαΦph, where Φph = W/πd2hν is the photon flux. Px represents the projection

of the spin polarization along the x axis, α is the absorption coefficient and W is the

optical power entering the SC. In this case, the spin current density in the SC can be
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expressed as Js = −qD [∂s(z)/∂z]. Since the spin diffusion length in Pt is of the order of

few nanometers,58,66 we solve Eq. 2 with the boundary conditions s(0) = 0, indicating that

the spin density must vanish at the SC interface, and s(∞) = 0, corresponding to a null

spin density at the opposite edge of the sample. By solving Eq. 2, we find that the spin

current density Js(0) at the SC interface, has the following expression

Js(0) = qΦph
PxαLs

1 + αLs

. (3)

The expression of Eq. 3 is similar to those already developed by Spicer67,68 and Pierce

et al.69 to investigate photoconductivity measurements, photoemission and spin-polarized

photoemission from bulk semiconductors. Recently, Sahasrabuddhe et al.70 have presented

a model for the electron emission yield Y = Js(0)/qΦph, which takes into account finite

emission (Sem) and recombination (Srec) velocities at both front and back surfaces of the

SC. Indeed, considering once again a semi-infinite SC and applying Eq. 2 with the boudary

conditions Js(0) = q(Sem + Srec)s(0) and Js(∞) = 0, it is possible to show that the spin

current density Js(0) at the SC interface is written as

Js(0) = qΦph
Sem

Sem + Srec +D/Ls

PxαLs

1 + αLs

. (4)

In semiconductors, typical values of Srec are in the 100 − 103 cm/s range, while D is

of the order of 10 − 100 cm2/s.71 Thus, for Ls ≈ 1 µm we get D/Ls ≈ 105 cm/s. Being

D/Ls � Srec, Sem, Eq. 4 becomes

Js(0) = qΦphδ
PxαLs

1 + αLs

(5)

which yields the same photon energy dependence of Eq. 3, multiplied by the prefactor

δ = SemLs/D. As a function of the Sem value, which accounts for the fraction of electrons

overcoming the Schottky barrier and being transferred from SC to the Pt layer, the absolute

value of Js(0) predicted from Eq. 5 can be significantly lower than the one obtained from

Eq. 3, where the effects of the Schottky barrier are not taken into account. However, since

Eqs. 3 and 5 are exploited in the present case only to explain the photon energy dependence

of the ISHE signal, the issues related to the absolute value of the ISHE signal will not be

considered in the following.

Since, from Eq. 1, Js(0) ∝ ∆V , Eqs. 3 and 5 can be used to evaluate the dependence

of the ISHE signal as a function of the incident photon energy, once that P (hν) and α(hν)
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FIG. 3. (Color online) Photon energy dependence of the electron spin polarization (black curve)

and absorption coefficient (red curve) of GaAs (a) from Refs. 72 and 73, Ge (c) from Refs. 64 and

74, and Si (e) from Ref. 60. (b) Photon energy dependence of the normalized ISHE signal for the

Pt/GaAs (b), Pt/Ge (d), and Pt/Si (f) junctions, calculated from Eq. 3 with the Px and α values

displayed in panel (a), (c) and (e), respectively, for different electron spin diffusion lengths.

are known. Fig. 3 (left column) shows the initial electron spin polarization P (hν) and the

absorption coefficient α(hν) for all the investigated junctions (data are taken from Refs. 72

and 73 for GaAs, from Refs. 64 and 74 for Ge and from Ref. 60 for Si). Fig. 3 (right

column) also displays the corresponding normalized ISHE signal ∆V , evaluated from Eq. 3,
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for different Ls values.

For all the junctions, the model suggests that, upon increasing Ls, the energy dependence

of the ISHE signal goes from a “Ge-like”trend, reminiscent of the initial electron spin polar-

ization, to a “Si-like”trend, where the maximum ∆V is obtained when the incident photon

energy is far from the corresponding SC absorption edge.

Eventually, Eq. 3 can also be exploited to fit the experimental data of Fig. 2, by

considering Ls as a free parameter. The best interpolation is obtained for Ls = 30 ± 5

nm and Ls = 9 ± 2 µm for GaAs and Si, respectively. These results can be explained

by considering that the outcome of Eq. 3 basically depends on the interplay between the

absorption length `α = 1/α and the spin diffusion length Ls in the SC. In GaAs and Si the

absorption coefficient is such that `α � Ls for incident photon energies close to the direct

(indirect) GaAs (Si) gap (see Figs. 3a and 3e for GaAs and Si, respectively). Thus, most

of the photo-electrons are generated at a distance from the Pt/SC interface much larger

than Ls. This results in a strongly depolarized photoelectron current and in a very small

signal. As hν is increased, `α approaches Ls. In this case, despite the initial electron spin

polarization is smaller, all the photogenerated electrons enter the Pt layer before depolarizing

and the ISHE signal becomes larger.

At variance from GaAs and Si, for Ge the sensitivity of the model does not allow yielding

a precise estimation of Ls. Indeed, as shown in Fig. 3d, for Ls values comparable to or larger

than 1 µm, Eq. 3 provides a similar outcome, so that Ls ≈ 1 µm represents only a lower

bound estimation of the spin diffusion length in Ge. This results from the fact that `α ≤ Ls

in all the investigated energy range (see Fig. 3c): as a consequence, all the photogenerated

spins enter the Pt layer before depolarizing and the energy dependence of the ISHE signal is

only dictated by the initial electron spin polarization Px. It is also interesting to note that

Eq. 3 assumes that the initial spin polarization in the Ge conduction band is completely

preserved at the L minima, which can be considered a reasonable assumption since, although

spin-polarized electrons are generated around the Γ point of the Brillouin zone, the Γ − L

scattering occurs in a timescale much lower than the spin lifetime (τs = L2
s/DGe ≈ 10−9

s). The results of the fitting procedure for all the investigated junctions are shown in Fig.

4a and 4c together with the corresponding dataset for GaAs and Si, respectively, whereas

a representative fitting curve for Ls = 10 µm is shown in Fig. 4b for Ge. The estimated

Ls values are in agreement with those previously reported in the literature for GaAs,6,44
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FIG. 4. (Color online) Experimental (red line) photon energy dependence of the normalized

photoinduced ISHE signal for the Pt/GaAs (a), Pt/Ge (b) and Pt/Si (c) junctions. The black

curves represent the best fit obtained from Eq. 3, which yields an electron spin diffusion length

Ls = 30± 5 nm and µm and Ls = 9± 2 µm for GaAs and Si, respectively. For Ge, the black curve

represents the result of Eq. 3 for Ls = 10 µm.

Ge29,55,57,75 and Si76–78, indicating that optical ISHE spectra can be used as a practical tool

to estimate the spin diffusion length in semiconductors.

Note that Eqs. 3 and 5 are valid only when the electron dynamics is determined only

by diffusion and no drift currents are present. Although the built-in electric field associated

with the Schottky barrier might affect electron transport across the Pt/SC junction, the

comparison with the numerical results of Ref. 57, obtained within a model encompassing

drift and diffusion, shows that the principal role is played by the latter.

Finally, it is important to point out that Eq. 3 reproduces the photon energy dependence

of the ISHE signal for an optically-oriented spin population, that is fully relaxed at the

bottom of the conduction band but preserves the initial spin polarization value. This is

a valid assumption for incident photon energies close to the SC gap, especially for GaAs
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and Si, where optical spin generation and transport occur in the same valley. However, for

energies much larger than the SC gap, scattering with phonons may drastically alter the

spin polarization profile under steady-state conditions,79 so that the proper spin-relaxation

cross sections for hot electrons as a function of the incident photon energy should be taken

into account.

In conclusion, we have demonstrated that a simple one dimensional model accounting for

photon absorption and electron diffusion allows reproducing the photon energy dependence

of the ISHE signal at Pt/GaAs, Pt/Ge and Pt/Si junctions. This can be exploited to esti-

mate the electron spin diffusion length in semiconductors and highlights the potentialities of

ISHE measurements as spectroscopic tool for the investigation of fundamental spin transport

properties in semiconductors.
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J.-P. Attané, E. Augendre, G. Desfonds, S. Gambarelli, H. Jaffrès, J.-M. George, and

M. Jamet, “Crossover from Spin Accumulation into Interface States to Spin Injection in

the Germanium Conduction Band,” Phys. Rev. Lett. 109, 106603 (2012).

26J.-C. Rojas-Sánchez, M. Cubukcu, A. Jain, C. Vergnaud, C. Portemont, C. Ducruet,

A. Barski, A. Marty, L. Vila, J.-P. Attané, E. Augendre, G. Desfonds, S. Gambarelli,

H. Jaffrès, J.-M. George, and M. Jamet, “Spin pumping and inverse spin Hall effect in

germanium,” Phys. Rev. B 88, 064403 (2013).

27S. Dushenko, M. Koike, Y. Ando, T. Shinjo, M. Myronov, and M. Shiraishi, “Experimental

Demonstration of Room-Temperature Spin Transport in n-Type Germanium Epilayers,”

Phys. Rev. Lett. 114, 196602 (2015).

28F. Rortais, S. Oyarzún, F. Bottegoni, J.-C. Rojas-Sánchez, P. Laczkowski, A. Ferrari,
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