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Summary. — Spin-charge interconversion phenomena are ubiquitous in solid-state
physics and represent a powerful tool to investigate spin transport in metals, semi-
conductors and metal/semiconductor heterostructures. The possibility to convert a
spin current into a charge current (and vice versa) allows for the design of efficient
spin injection/detection schemes, even without the use of ferromagnets, to unravel
fundamental spin transport properties. The article reviews the recent advances in
the investigation of the spin-charge interconversion phenomena in platforms based
on group-IV semiconductors. Convenient experimental architectures to inject and
detect spin currents in Ge and Si are discussed, as well as diffusion models for spin
transport in these semiconductors.

9

1. – Introduction10

Spintronics, or spin-electronics, is the branch of solid-state physics which studies11

spin generation, transport and manipulation in solid-state environments [1]. Since the12

discovery of the giant magnetoresistence (GMR) [2, 3], spin-based devices have attracted13

a growing interest thanks to their industrial applications. In particular, sensors based14

on the GMR or tunneling magnetoresistence (TMR) [4, 5, 6] have been implemented in15

data storage.16

More recently, spintronic devices based on the spin transfer torque (STT) [7, 8] have17

been developed. At variance from GMR, where the control of the charge flow is performed18

by the magnetization of ferromagnets (FM), the STT relies on the torque, exerted by19

the flow of a spin current, acting on the magnetization of a FM [9, 10].20
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Typical structures for STT are composed of two FM layers with different magneti-21

zation directions separated by a thin non-magnetic metal layer. If a charge current is22

applied, the first FM acts as a spin polarizer, generating a spin current which is then23

injected in the second FM layer, where the spin-torque is exerted [10]. However, al-24

ternative approaches for the generation of spin currents are possible and, in particular,25

the conversion of a charge current into a spin current by means of spin-orbit coupling26

[11, 12, 13] is one of the most exploited. The effects which allow for the transformation27

of a charge current into a spin current, or viceversa, are generically named spin-charge28

interconversion (SCI) phenomena. In this frame, the torque exerted on ferromagnets29

by spin currents generated via the SCI is named spin-orbit torque (SOT) [14, 15]. This30

alternative route holds the promise of requiring less charge current density compared to31

STT [16].32

In this sense, SCI phenomena have attracted the attention of the scientific commu-33

nity also because they represent a viable tool to detect spin currents by measuring the34

converted charge current [17]. Indeed, the ability of detecting spins is mandatory for35

the development of spin-based devices, and this is possible through SCI without the36

exploitation of ferromagnets.37

Although spin-based devices have already been engineered in ferromagnetic-based38

platforms, the exploitation of semiconductors in market spintronics is still in an em-39

bryonic phase. In fact, a long-range magnetic order is the ultimate ingredient for the40

observation of GMR or TMR, while ordinary semiconductors are non-magnetic, due to41

the absence of spin-resolved bands at the Fermi level. In this respect, dilute magnetic42

semiconductors, i.e. semiconductors doped with magnetic impurities [18, 19, 20], could43

represent a possible solution. However, their application is still limited due to the small44

solubility of magnetic ions [21] and Curie temperatures well below room temperature45

[22].46

Nevertheless, well-established techniques to generate out-of-equilibrium spin popula-47

tions in semiconductors are available, either electrically [23, 24], optically [25, 26, 27], or48

mechanically [28, 29]. Therefore, semiconductors appear as the natural host materials for49

a ready integration of spintronic and electronic devices. In this frame, great advantages50

in terms of speed of data processing and power consumption are expected: in fact, as op-51

posite to a charge current, a pure spin current is not associated with any charge flux [30].52

Therefore, by associating information to the spin degree of freedom of electrons, it could53

be possible in principle to drastically reduce both the power consumption generated by54

Joule heating and the capacitive effects which limits the speed of electronic devices.55

Moreover, in semiconductors spin is preserved for longer time scales compared to56

metals [31, 32, 33], and interface effects can give rise to a large spin-orbit coupling,57

which can be eventually used for spin manipulation [34, 17]. These premises led to the58

theoretical proposal, dated 1990, of a spin-based field-effect transistor [35, 36]. However,59

up to now, the experimental implementations of this concept are still not satisfactory60

[3, 37], despite the ongoing efforts [38, 39] and the proposed different approaches for a61

spintronic transistor [40, 41].62

In this context germanium appears as a convenient platform for the implementation63

of spintronic devices, since the spin-orbit coupling is small enough to result in long spin-64

diffusion lengths [32, 33] but large enough to allow for an efficient optical spin injection65

[27]. Ge can also be exploited as a substrate for the growth of high-quality thin single-66

crystal heavy metal films [34]. Moreover, the Ge direct gap is tuned at the most widely67

exploited telecommunication window [42], and the 4% of lattice mismatch between Ge68

and Si allows for the integration of the materials in SiGe heterostructures [43, 44], which69
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can also be exploited in strain engineered microstructures [45].70

The present paper is organized as follows: in Section 2 we introduce the fundamen-71

tal concepts about spin-charge interconversion phenomena; Section 3 is devoted to the72

optical spin injection; in Section 4 the most relevant spin relaxation mechanisms are re-73

viewed whereas in Section 5 and 6 the employed experimental techniques for spin-charge74

and charge-spin conversion are presented, respectively. Finally Section 7 reports on the75

experimental results obtained about the spin-related properties in semiconductors, with76

particular emphasys on Ge and Ge-based junctions.77

2. – Spin-charge interconversion phenomena78

The term spin-charge interconversion (SCI) encompasses for all the phenomena which79

convert a spin current into a charge current, or viceversa. In solids, these effects are80

driven by spin-orbit interaction (SOI), which affects the material transport properties81

depending on the spin-polarization state of the carriers.82

The possibility of generating a spin accumulation from a charge current was first83

revealed by Dyakonov and Perel [11, 12] and then by Hirsch [46] and Zhang [47]. The84

phenomenon was named spin Hall effect (SHE), in analogy with the well known Hall85

effect, and was experimentally demonstrated in III-V semiconductors at low temperature86

by Kato et al. in 2004 [48]. The spin-charge conversion, performed via SHE, usually takes87

place in the bulk of materials, therefore we can consider it as a three-dimensional (3D-88

SCI) phenomenon.89

Conversely, a pure two-dimensional SCI mechanism (2D-SCI) was first theoretically90

predicted by Edelstein in 1990 [13] [hence named Edelstein effect (EE) or Rashba-91

Edelstein effect (REE)], and then experimentally demonstrated by Rojas-Sanchez et92

al. in 2013 [49]. Although the macroscopic behavior is similar to SHE, the presence93

of spin-polarized surface/interface states is mandatory for this spin-charge conversion94

mechanism.95

2.1. 3D spin-charge interconversion. – When a charge current density j is flowing in96

a material with SOI, the SHE generates a pure spin current density js. The latter is97

perpendicular to both j and the direction of the spin polarization of the carriers us. The98

phenomenological relation describing SHE is [50]:99

(1) js = γ j× us,

being γ the spin-Hall angle, representing the efficiency of SCI. Frequently, the γ pa-100

rameter is expressed as the ratio between a spin-Hall conductivity σSH = γ σc and the101

electrical conductivity σc.102

The time reversal of the SHE is the inverse spin Hall effect (ISHE). In this case, the103

flow of a spin current density generates a charge current density:104

(2) j = γ js × us.

It is worth mentioning that ISHE can be exploited to detect spin currents [51]: in materi-105

als where SOI, and hence the spin-Hall angle γ, is large, ISHE can efficiently convert the106

spin current into a detectable charge current. When not dealing with materials where γ107

is large enough for an efficient detection, it is possible to transfer the spin population to108
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a second material with a relevant SOI, where efficient SCI might occur. In this case, this109

high-SOI material acts as a spin detector.110

Microscopically, three different mechanisms can give rise to SCI. The first one is named111

skew scattering [50] and is associated with scattering centers, represented for instance by112

doping impurities. In this case, the propagation direction of a carrier after the scattering113

event is sensitive to its spin-polarization state, especially if the scattering center possesses114

a large atomic number and is therefore endowed by a large SOI. In atomic physics, when a115

high-energy incident electron beam is scattered by a high-Z nucleus, the same mechanism116

is known as Mott scattering [50].117

The side jump mechanism is a lateral displacement of the carrier, depending on its118

spin state, during the scattering event [50]. Its origin is related to the local distortion of119

the incoming carrier wavefunction given by the impurity [52, 53, 54, 50]. Due to their120

link with collisions, skew scattering and side jump are defined as extrinsic mechanisms.121

Spin-polarized carriers can also undergo intrinsic SCI. The latter originates from the122

geometrical phase, referred to as Berry phase, acquired by the wavefunction due to the123

introduction of relativistic effects in the bandstructure [55, 56], which become relevant124

in systems with large SOI [57].125

2.2. 2D spin-charge interconversion. – (R)EE arises in the presence of spin-polarized126

surface or interface states. In particular, the removal of the spin degeneracy of the127

electronic states can originate from the structural inversion asymmetry (SIA), resulting in128

the Bychkov-Rashba effect [58], as shown in Fig. 1a. Spin-splitting can be also generated129

by the nontrivial topology of the system under investigation: this is the case of topological130

insulators [59] (TI), which show spin-split surface states with linear dispersion, crossing131

the Fermi level of the system (see Fig. 1c). Both in Rashba-split and topologically132

protected states, electron momentum and spin are locked in the reciprocal space and133

perpendicular to each other, as indicated in Fig. 1b-d. This is the key ingredient leading134

to SCI. Considering, for instance, the case of topological surface states and referring to135

Fig. 2, if an electric field E = Eux is applied, a 2D charge current flows along the x-axis136

of the sample, which can be written in the frame of the Boltzmann transport equation137

as138

(3) j = −q
2 τm kFvF

4π2 ~
E,

where q is the elementary charge, τm, kF and vF are the momentum scattering time,139

the Fermi wave-vector and velocity, respectively. Within a semiclassical approach, the140

unbalance in the occupation of the electronic states, produced by the charge current141

density of Eq. 3, results in a spin unbalance, which can be related to a spin current142

density [60]:143

(4) js = − q
2 kF

4π2 ~
uy.

Comparing eqs. (4) and (3) we can extract the parameter λE which, similarly to γ for144

SHE, evaluates the efficiency of the 2D-SCI:145

(5) λE = j

js
= τm vF.
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It is worth noticing that λE has the dimension of a length, hence the name Edelstein146

length. This is originated from the fact that js is a volume current density, while j is a147

surface current density, since it flows in the 2D states of the TI.148

Conversely, if a spin current is injected in the TI states, by the definition of spin149

current, this means that spin-down electrons are injected into one of the two branches150

whereas opposite spins are extracted from the other one. Since it is possible to inject and151

extract spin-polarized carriers only in points of the reciprocal space with a well defined152

momentum, the injection of the spin current gives origin to a momentum unbalance, and153

consequently, a charge current. This is the principle of the inverse Edelstein effect (IEE).154

The derivation for a Rashba gas is analogous [61]. Commonly, the 2D-SCI taking155

place in the surface states of a TI is named Edelstein effect, whereas the one concerning156

Rashba gases is called Rashba-Edelstein effect. In the latter case, the Rashba-Edelstein157

length is sligthly different [60]:158

(6) λRE = αRτm

~
,

where the Rashba parameter αR has been introduced.159

It is worth noticing that in 2D electron gas, the spin-orbit interaction due to impurities160

may give origin to additional SCI terms, which cannot be easily disentangled from those161

related to the SIA due to the cooperative effects of the different spin-orbit mechanisms162

[62, 63].163
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Figure 1.: Energy dispersion and Fermi contours resulting from Rashba effect (a,b) and of topo-
logical insulators (c,d).
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3. – Optical Spin Injection164

Much interest has been devoted in the past decades to dilute magnetic semiconductors,165

i. e. semiconductors doped with magnetic impurities [18, 19, 20], to induce a net spin166

polarization inside the material at equilibrium. However the small solubility of magnetic167

ions [21] and Curie temperatures below 200 K [22] still limit the applicability of this168

technology.169

Conversely, to obtain a spin polarization in non-magnetic semiconductors it is neces-170

sary to bring the system out of equilibrium. This can be achieved by exploiting different171

techniques, relying on the transfer of angular momentum to the semiconductor. Different172

ways of injecting angular momentum have been explored in the literature: mechanically173

[28, 29], electrically [24] or optically [25, 26, 27]. Optical spin injection, also called optical174

orientation, is a powerful tool to obtain spin-polarized densities in the conduction band175

(CB) of semiconductors. First investigated by Lampel [25] in Si and later by Parsons [64],176

Safarov [65] and Meier [26] in III-V materials, optical orientation relies on the transfer177

of angular momentum from impinging photons to the photoexcited electrons.178

3.1. Optical transitions at the Γ point. – Optical orientation allows generating a pop-179

ulation of spin-polarized photoelectrons in the CB of a semiconductor, when the semi-180

conductor is illuminated with circularly-polarized (CP) light.181

In Ge, the optical gap for direct transitions is at the Γ point of the Brilluoin zone182

(see Fig. 3a). The electronic states at Γ can be expressed as a linear combination of183

atomic orbitals through the Clebsch-Gordan coefficients [66], by exploiting the spherical184

harmonics Y ml

l . The results are reported in Tab. I. Although spherical harmonics185

describe only the angular part of the wavefunction, modifications induced by SOI on186

the radial part can be usually neglected. As a consequence, we can consider the same187

radial dependence for heavy holes (HH), light holes (LH), and split-off (SO) states in the188

valence band (VB) [27].189

To investigate the optical orientation process, we calculate the rate of transitions from190

the initial state |ϕi〉 to the final state |ϕf〉 due to an external perturbation by means of191

E

k

(a)

EF

y>

x>

E

k

(b)

EF

y>

x>

kj

Figure 2.: Sketch of the occupation of the spin-split linear branches (a) at the thermodynamic
equilibrium and (b) when a charge current is applied. In this case, the ∆k wave-vector
shift unbalances the spin-up and -down populations: Edelstein effect. Conversely, if
a spin current is injected, spin-up states are filled and spin-down are emptied, thus
resulting in a momentum unbalance, which means a charge current: inverse Edelstein
effect.
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Band j |j,mj〉 Spherical harmonics expansion

CB |1/2, 1/2〉 Y 0
0 |↑〉

|1/2,−1/2〉 Y 0
0 |↓〉

LH |3/2, 1/2〉 i
√

1/3Y 1
1 |↓〉+ i

√
2/3Y 0

1 |↑〉
|3/2,−1/2〉 i

√
1/3Y −1

1 |↑〉+ i
√

2/3Y 0
1 |↓〉

HH |3/2, 3/2〉 −iY 1
1 |↑〉

|3/2,−3/2〉 −iY −1
1 |↑〉

SO |1/2, 1/2〉 i
√

1/3Y 0
1 |↓〉 − i

√
2/3Y −1

1 |↑〉
|1/2,−1/2〉 −i

√
1/3Y 0

1 |↑〉+ i
√

2/3Y 1
1 |↓〉

Table I.: Total angular momentum quantum numbers and spherical harmonics expansion of
the wavefunctions for states close to the Γ point [26].

the Fermi golden rule. When the perturbation is a monochromatic wave at a frequency ω192

with amplitude E0, within the electric dipole approximation the Fermi golden rule gives193

the following expression for the transition rate Wif between the initial and final state194

[67]:195

(7) Wif = 2π
~

(
qE0

m0ω

)2
Mif(k)2

δ(Ei − Ef + ~ω),

being Mif(k) = |e · 〈ϕf|p̂|ϕi〉 |, with p̂ = −i~∇ the momentum operator, e unit vector of196

the polarization of the electric field, and the Dirac delta ensuring energy conservation,197

with Ef and Ei being the energy of the initial and the final state, respectively. Left-198

(right-) handed CP light σ+(−) carries angular momentum ±1, in units of ~, directed199

along the direction of the propagation [68]. In this case, angular momentum conservation200

implies that only the optical transitions with ∆ml = ±1 are allowed. The direct optical201

transitions for σ+(−)-polarized light are obtained from Tab. I and are reported in Fig. 3b.202

Thus, σ− light (blue arrows in Fig. 3b) promotes only electrons to spin-up states in CB203

from the HH band, and to spin-down states from LH and SO bands. The opposite204

stands for σ+ polarization (red arrows in Fig. 3). The principle of optical orientation205

lies on the fact that transitions from HH to CB have an intensity three times larger than206

transitions from LH to CB, whereas transitions from SO to CB have an intensity twice207

as large as transitions from LH to CB, as schematically shown in Fig. 3 [26]. In this208

case, when the photon energy is tuned at the direct gap (~ω = Edg), only HH and LH209

states are involved in optical transitions and a photogenerated carrier spin-polarization210

at the generation time Pn,0 = 50% can be reached in the CB of Ge, with unit vector us211

parallel to the direction of the wavevector of the light in the semiconductor. When the212

photon energy is ~ω = Edg + ∆0, the transitions from the SO band become allowed and213

the spin-polarization decreases to 0%.214

In bulk III-V semiconductors, such as GaAs (Eg = 1.42 eV at room temperature), the215

electronic states at the Γ point of the Brillouin zone can be still expressed with the same216

linear combinations of spherical harmonics, presented in Tab. I. Therefore, the optical217

orientation process is analogous to the one discussed for bulk Ge.218

3.2. Out of Γ transitions. – When the photon energy is larger than Edg all the possible219

transitions within the Brillouin zone have to be accounted. This implies the integration220
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of the Fermi golden rule [eq. (7)] over the whole reciprocal space. Neglecting constants:221

(8) Wif ∝
∫
Mif(k)2

δ(Ei − Ef + ~ω) d3k.

A rigorous calculation of the electron spin polarization as a function of the incident222

photon energy in bulk Ge has been performed by Rioux and Sipe within a 8× 8 k · p223

model [69]. The calculated spectrum of Pn,0 is shown in Fig. 4 (orange line).224

It is also possible to employ a rougher model in which Mif(k) ≈Mif(0). Within this225

picture, the relative weights of the matrix elements from HH, LH and SO transitions out226

of Γ equal the ones calculated in the previous section at the Γ point:227

(9) Wif ∝Mif(0)2
∫
δ(Ei − Ef + ~ω) d3k = Mif(0)2

%if.

%if is the joint density of states (JDOS) and within the effective mass approximation can228

be expressed analytically as [70]:229

(10) %if = 1
2π2

(
2m∗r
~2

)3/2√
~ω − Eg,

being m∗r the reduced effective mass of the VB and CB states involved in the transition,230

and Eg = Edg for (HH, LH)→ CB and Eg = Edg + ∆0 for SO→ CB transitions. The231

resulting Pn,0(~ω) is reported in Fig. 4 (blue line).232

Optical spin injection can also be performed by means of indirect transitions: in fact,233

it has been recently demonstrated both theoretically [71] and experimentally [72] that234

phonon-mediated optical transitions can induce a net spin density at the Si indirect gap,235

with a maximum spin polarization P ≈ 5% if the incident photon energy is tuned to the236

Si indirect gap (Eig = 1.1 eV at room temperature).237

Finally, note that we have so fare considered only the spin population generated by238

the photoexcited electrons in the CB. In the optical orientation process, also holes are239

k

E

0

CB

HH LH

SO

0

-+

3
1

2
3

1

2

j=1/2
mj=-1/2 mj=1/2

CB

Edg

j=3/2

j=1/2

HH

SO

HH LH
mj=-3/2 mj=-1/2 mj=1/2 mj=3/2

mj=-1/2 mj=1/2

a) b)

Figure 3.: a) Sketch of the Ge bandstructure around the Γ point of the Brillouin zone, where the
conduction band (CB), heavy-hole (HH), light-hole (LH) and split-off (SO) states are
highlighted. b) Optical transitions allowed with left- (right-) handed CP light σ+(−)

at the Γ point of Ge Brillouin zone. The numbers in the circles show the relative
intensity of the transitions.
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Figure 4.: Polarization spectra of photogenerated electrons at the generation time, calculated
with effective mass approximation, from Ref. [73] (blue line), and 8× 8 k · p calcula-
tions, from Ref. [69] (orange line).

photoexcited in the VB with a net spin polarization [69]. However, we will see in Sec. 4.4240

that holes do not actively contribute to spin transport, at least in unbiased samples.241

4. – Spin lifetime in semiconductors242

4.1. Elliot-Yafet spin relaxation mechanism. – The Elliott-Yafet mechanism is the243

most effective spin relaxation channel occurring in semiconductors with inversion sym-244

metry, like Ge [74, 75] and it is related to the effective magnetic field acting on a particle245

during a scattering event that involves impurity centers (for instance related to the semi-246

conductor doping) or, similarly, an electron-phonon scattering due to the lattice potential247

perturbation [50]. A detailed presentation of the mechanism can be found in Ref. [76]. In248

particular, in multivalley semiconductors such as Ge, spin-polarized electrons diffusing249

at the bottom of the conduction band are scattered between the CB equivalent minima250

by phonons, strongly limiting electron spin lifetime to few nanoseconds [31, 77].251

Here we exploit the approximation of Guite and Venkataraman [78], in which mo-252

mentum τm and spin lifetime τs are proportional to each other, and the proportionality253

constant is given by key parameters of the bandstructure:254

(11)
(
τEY

s
)−1 =

(
∆0

Edg + ∆0

Ek

Edg

)2
τm
−1,

where Ek is the electron kinetic energy. As an example, in Fig. 5 (a) we plot the cal-255

culated spin lifetime due to the Elliott-Yafet relaxation mechanism in Ge at room tem-256

perature and the partial contributions related to scattering with impurities (τEY
s,imp) and257

phonons (τEY
s,ph) as a function of the doping concentration Nd. Scattering with phonons258

(impurities) is the leading process dominating spin relaxation in low- (highly-) doped Ge.259

In Fig. 5 (b), the dependence of τEY
s on the electron kinetic energy Ek is reported for260

Nd = 5× 1017 cm−3. It is worth mentioning that the value of τEY
s,ph that we estimate for261

thermalized electrons nicely agrees with the predictions of the more refined k · p model262

employed in Refs. [31, 77] (τEY
s,ph ≈ 5 ns).263
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Figure 5.: Spin relaxation time as a function of (a) the doping concentration at Ek = 25 meV,
and (b) kinetic energy for Na = 5× 1017 cm−3. In panel (a) we report the Elliott-
Yafet spin depolarization due to scattering with phonons (orange dashed line), im-
purities (green dotted line) and their sum (blue continuous line).

4.2. Bir-Aronov-Pikus spin relaxation mechanism. – The Bir-Aronov-Pikus (BAP)264

spin relaxation channel is active in case of electron-hole scattering [79]. In this case,265

the exchange interaction can transfer the polarization of the electron to the hole, where266

the spin quickly depolarizes, as detailed in the next section. Thus, the BAP mechanism267

occurs when an equilibrium holes population is present, i.e., in p-doped semiconductors268

[76, 50]. The related spin relaxation time is [76, 80]:269

(12)
(
τBAP

s
)−1 = 2

τBAP
s0

vF,h

vB

Ek

EF,h
NaaB

3,

being vF,h and EF,h the Fermi velocity and energy for holes, respectively, Na the number270

of acceptors, vB and aB the Bohr velocity and radius, respectively. τ s0
BAP is given by the271

following expression [80]:272

(13)
(
τBAP

s0
)−1 = 3π

64 ~
∆ESR

2

EB
,

where ∆ESR is the short-range exchange splitting of the exciton ground state and EB273

the exciton Bohr energy. In the case of Ge, we estimate aB ≈ 6.4 nm, ∆ESR ≈ 58 µeV274

[81], EB ≈ 6.9 meV. Despite BAP scattering is the leading term for a thermalized275

electron population in p-doped Ge, it rapidly becomes negligible compared to the other276

scattering processes as the electron energy is increased even slightly, as one can appreciate277

by comparing Fig. 6, in which we plot some indicative spin relaxation time for this278

mechanism, and Fig. 5.279

4.3. Dyakonov-Perel spin relaxation mechanism. – In semiconductors without inver-280

sion symmetry, the spin degeneracy of the electronic states in CB is removed out of the Γ281

point of the Brillouin zone due to SOI [82, 83]. This can be interpreted as the effect of an282

effective magnetic field B(p), depending on the electron momentum p, which provides283

for the additional term in the Hamiltonian of the system [82]284

(14) HDP = ~B(p) · S,
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Figure 6.: BAP relaxation time as a function of (a) the doping concentration at Ek = 25 meV,
and (b) kinetic energy for Na = 5× 1017 cm−3.

where S represents the electron spin. Since B(p) has different orientation as a function285

of time, due to the fact that the electron momentum p changes in time because of286

momentum scattering, the rotation of the electron spin around the effective magnetic287

field causes the spin relaxation. It can be demonstrated that τ−1
s ∝ τm, where τs and τp288

are the electron spin and momentum relaxation time, respectively [82].289

4.4. Hole relaxation. – A good description for the holes in the valence band is given290

by the Luttinger Hamiltonian [84, 85]:291

(15) HL = ~2

2m0

[
(γ1 + 5/2 γ2)k2 − γ2(k · J)2],

being γ1,2 the Luttinger parameters and J = (Jx,Jy,Jz) the matrices of the total angular292

momentum. In the valence band, the effective magnetic field generated by SOI is much293

larger than the one in the conduction band: therefore the Dyakonov-Perel spin relaxation294

mechanism for holes is more efficient, leading to hole spin lifetime of the order of ≈ 100 fs,295

comparable to the momentum relaxation time. This is the reason why the contribution296

from holes in the spin transport can be neglected.297

Experimentally, Hilton and Tang have determined a value of ≈ 110 fs for the spin298

relaxation of HH in GaAs [86]. Conversely, for GaAs a spin lifetime of ≈ 0.1 ns is expected299

for thermalized electrons at room temperature [87]. Also in Ge, hole spin lifetimes of the300

order of hundreds of fs have been reported in the literature [88], whereas the electron301

spin lifetime can reach ≈ 10 ns in low-doped Ge samples [32].302

4.5. Spin relaxation of 2D electrons. – In 2D systems, as a consequence of the Rashba303

effect, SIA generates an effective magnetic field, coupled to the spin magnetic dipole µs304

and expressed as305

(16) BR = αR

gsµB
(k× ẑ).

In this respect, it is worth mentioning that Rashba effective magnetic fields have been306

observed in the literature by Meier et al. [89] in GaAs/InGaAs quantum wells.307
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5. – Experimental techniques: spin-to-charge conversion308

In spin-to-charge conversion measurements the electric signal generated by the con-309

version of a spin current, via the ISHE or the I(R)EE, is detected. The spin current can310

be injected electrically, i.e. by exploiting the spin pumping [90], or optically: in this pa-311

per, we will focus our attention on optical spin injection (see Sec. 3). This procedure was312

first employed by Ando et al. [91, 92] in 2010 in a Pt/GaAs junction. In what follows,313

we first consider the experimental technique allowing for the generation of a detectable314

population of spin-polarized electrons in semiconductors and then we explicitly study the315

transport of spins in the illustrative case of an heavy metal (HM)/Ge junction.316

5.1. Optical generation of spins. – The typical experimental apparatus for photoin-317

duced spin-charge conversion measurements is sketched in Fig. 7 (a). The light source318

consists of a supercontinuum laser, which emits a 4.5 W-intense collimated light beam,319

in a broad wavelength range, between 400 nm and 2 µm. Alternatively, fiber-pigtailed320

continuous wave laser diodes are employed. The monochromatized light beam passes321

through a polarizer and a photoelastic modulator (PEM), which modulates the circular322

polarization of the light at 50 kHz. The light is then focused on the sample by a lens or323

an objective and the detected electric signal is demodulated by a lock-in amplifier at the324

PEM frequency.325

Hereafter, we consider an HM continuous film grown on the top of a semiconductor326

substrate, in particular Ge, as shown in Fig. 7 (b). In this case an high-SOI material327

is in direct contact with the semiconductor, which is exploited as a spin generator by328

means of the optical orientation technique, while the HM works as a spin detector. In329

order to detect the charge current in the HM, generated by the SCI, two ohmic contacts330

(typically Au/Ti) are deposited on the top of the HM layer, as shown in Fig. 7 (b). Based331

on the reference frame of Fig. 7 (b), we can make some general consideration about the332

geometry of the experiment: the ohmic contacts are sensitive only to a charge current333

density directed along the y axis. The spin population is injected into the semiconductor334

and then transferred to the HM, thus the spin current flows along the z axis. Based on335

the phenomenological ISHE relation [eq. (2), the same holds for I(R)EE], only electrons336

(a) (b)

V
Ge

HM

x

y

z

CP

us
xy

uk

Figure 7.: Apparatus for optically-induced spin-to-charge conversion. (a) A laser beam passes
through a polarizer and a PEM. The polarization of the exit beam is modulated at
50 kHz between left and right CP. A lens (or an objective) focuses the light on the
sample. Since the beam partially fills off-axis the lens, the light is focused on the
sample at grazing incidence. (b) ϕ and ϑ are the azimuthal and polar angles of the
incident light, respectively.
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with a spin polarization along the x axis can be detected [91, 92, 93, 72]. Thus, the337

injection of an in-plane spin component is mandatory to detect a spin-related charge338

current in the HM film.339

The spin polarization of the photoexcited electrons Pn,0 is parallel to the direction of340

the light wavevector uk inside Ge (see Sec. 3). Thus, to obtain an in-plane projection of341

the spin P xn,0, it is convenient to illuminate the semiconductor at grazing incidence. This342

is possible if the laser beam partially fills off-axis the lens, or the objective [Fig. 7 (a)].343

Notably, the selectivity to P xn,0-polarized electrons generates an angular (ϑ and ϕ) depen-344

dence of the spin-charge conversion signal which is a viable tool to confirm the spin-related345

nature of the detected electric signal, as explained in the second paragraph of Sec. 5.2.346

Unfortunately, the illumination of the sample at grazing incidence degrades the spatial347

resolution of the exprimental setup. From the Rayleigh criterion [94], one can define the348

spatial resolution of the optical system ∆r as:349

(17) ∆r ∼ fλ

a

being f the lens (or objective) focal length, λ the photon wavelength and a the beam350

aperture. To illuminate the sample at grazing incidence, the aperture diameter of the351

lens is partially filled (out of axis), thus reducing a. Despite the strong dependence on352

λ and on the characteristic parameters of the objectives, typical sizes of the spotsize of353

the focused beam are not smaller than some micrometer. Moreover, strong aberrations354

are present in the case of high values of ϑ.355

A viable route to overcome the above issue consists in a metal pattern on the top of356

the semiconductor: it can be demonstrated that, under the edges of the metal, a sizable357

in-plane component of the spin is generated, even at normal incidence. This possibility358

has been first shown by Bottegoni et al. [95] in 2014. This happens both if the pattern359

is realized on the top of a flat metal layer grown on a semiconducro [95], or directly on360

the top of the semiconductor substrate [32]. Referring to the particular case of a metal361

pattern on a Ge substrate [see Fig. 8 (a)], when the CP laser beam impinges on one edge362

of the metallic pad, the component of the field which is perpendicular to the edge (Ex)363

induces an electric dipole in the metal, generating a near field in the semiconductor with364

a component directed along z [Fig. 8 (a)]. The latter is coupled to the Ey component of365

the propagating CP wave. Since Ez and Ey have a phase shift of π/2, an elliptically-366

polarized electric field is produced in the yz plane. Upon absorption of this field in the367

semiconductor, a spin-oriented electron population is generated in the CB of the Ge with368

a spin polarization along the x axis. Moreover, the direction of Ez is opposite at opposite369

edges of the pad, thus the spin populations at correspondence with opposite edges of the370

metal stripe are polarized in opposite directions.371

This pictorial model has been rationalized with finite-difference time-domain (FDTD)372

numerical simulations in Ref. [95]. In Fig. 8 (b), we report the results of the calculations373

for a Pt stripe patterned on the top of a Pt/Ge system. The figure shows the Stokes374

parameter cx = 2 Im(Ez Ey∗), which accounts for the light ellipticity in the direction375

perpendicular to the x axis [96], i.e., generating electrons with a polarization directed376

along x. Opposite spin polarizations are obtained at the opposite edges of the Pt pad.377

Notably, at variance with the grazing-incidence case, the spin population is strongly378

localized (at the time of the generation) within a small region below the Pt edges. The379

results of Fig. 8 (b) accounts for the incidence of a CP plane wave, but a similar situation380

occurs in the case of a focused laser beam [95].381
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Figure 8.: Principles of normal incidence generation of in-plane spin. (a) The metal pattern
provides for the spatial modulation of the amplitude and phase of the electromagnetic
wave, which results in an elliptically-polarized electric field below the its edges. This
generates spin-polarized electrons along the x axis. (b) FDTD calculation of the cx

Stokes parameter, proportional to the spin polarization along x, in a thin Pt patterned
metal film onto a Ge surface.

5.2. Spin generation and transport in HM/semiconductor junctions. – In this para-382

graph, we describe the influence of the HM layer on the optical properties of the light383

illuminating the sample. We determine the spatial distribution of photogenerated spin-384

polarized carriers in the semiconductor, and the resulting spin current density injected385

into the HM.386

5.2.1. Optical analysis. The presence of the HM affects both the light intensity and387

CP. Performing an optical analysis on a thin metal film, deposited onto a semiconductor388

substrate, it is possible to express the electric signal at the ohmic contacts as [91, 92]:389

(18) ∆V ∝ tstp Iair DCPair cos(ϑSC) tg(ϑ) cos(ϕ),

where ts(p) represent the light transmission coefficients, Iair and DCPair are the intensity390

and DCP of the incoming light beam in air, whereas ϑSC and ϑ are the polar angles in391

the semiconductor and in air, respectively, and ϕ is the azimuthal angle. The angular392

dependence on ϑ and ϕ [defined in Fig. 7 (b)] are reported in Fig. 9 for a Pt(4 nm)/Ge393

junction, although, for an incident photon energy ~ω = 0.8 eV, the trend is rather394

universal [91]. We notice that the maximum of the signal is observed for ϑ ≈ 65◦, and395

that, for small ϑ angles, ∆V ∝ ϑ.396

5.2.2. Spatial distribution of the injected spin population. The information about the397

distribution of the spins inside the semiconductor substrate allow for quantitative anal-398

ysis of the spin transport. To estimate the spin current density js,0 = js(z = 0) injected399

into the HM from the semiconductor, we need to solve the coupled drift-diffusion and400
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Figure 9.: Angular dependence of the spin-to-charge conversion signal measured at the Ohmic
contacts ∆V on the polar angle ϑ (a), and the azimuthal angle ϕ (b). The dotted
line in (a) shows a linear fit for small ϑ angles.

continuity equations for charge and spin, respectively, where generation and recombina-401

tion terms are present. In general, the solution cannot be expressed analytically. Thus,402

to simplify the problem we neglect the contribution given by the gradient of the in-plane403

xy carrier concentration, and focus only on the one dimensional problem along the z axis404

[see Fig. 7 (b) for the reference system]. In the geometry of Fig. 10, we consider the semi-405

conductor as a semi-infinite medium extending for z < 0, with the HM/semiconductor406

interface at z = 0. The light illuminates the system from the HM side, propagating to-407

wards negative values of z. Therefore, steady-state spin drift-diffusion equations for the408

spin population in the semiconductor are written as [97, 98]:409

(19a) 1
q

∂js

∂z
= s

τs
+ wnsp− Pn,0Φphαe

αz,

410

(19b) js = q

(
µsE +D

∂s

∂z

)
,

being wn the electron-hole recombination rate, Φph the flux of photons transmitted to411

the semiconductor, α the absorption coefficient, and p the concentration of holes. Since412

0

SC HM
Light

js0

z-axis-tSC tHM

Figure 10.: A HM layer of thickness tHM lies on the top of a semiconductor (SC) substrate of
thickness tSC. In a semi-infinite approximation, tSC →∞. The light illuminates the
junction from the side of the HM layer, and we define js,0 as the spin current density
injected into the HM from the semiconductor.
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typical electron-hole recombination times in semiconductors lie in the 10 µs−3 ms range413

[99], this term does not affect spin profile, thus we disregard its contribution. Moreover,414

as a first coarse approximation, we also neglect the electric field E generated by the415

charge transfer across the Schottky junction. We thus obtain the following simplified416

spin-diffusion equation with a generation term:417

(20) ∂2s

∂z2 −
s

`s
2 = −Pn,0Φphα

D
eαz,

where we have exploited the relation between the spin lifetime τs and the spin diffusion418

length `s =
√
Dτs.419

The general solution is:420

(21) s(z) = τs Pn,0Φphα e
αz + c1 e

z/`s + c2 e
−z/`s ,

being c1,2 constants to be determined by the boundary conditions. We impose that421

the spin density vanishes in the bulk of the semiconductor, i.e., for z → −∞ leading to422

c2 = 0. Moreover, since the value of the spin diffusion length in the HM is usually a423

few nanometer only, therefore negligible with respect to the typical values of the spin424

diffusion length in semiconductors, we can set s(z = 0) = 0 [97]. With these conditions425

we get:426

(22a) s(z) = Pn,0Φph

D

α`s
2(eαz − e−z/ls)

1− α2`s
2 ,

427

(22b) js(z) = qPn,0Φph
α`s
(
α`s e

αz − e−z/ls
)

1− α2`s
2 .

From the expressions above, we can extract the value of the spin current injected into428

the HM. By evaluating the spin current density at z = 0, we get [100]:429

(23) js,0 = −qPn,0Φph
α`s

1 + α`s
= −ξ Pn,0α`s

1 + α`s
,

where ξ = qΦph is a constant. Assuming Pn,0 > 0 we get js,0 < 0. The expression of430

eq. 23 is analogous to the one developed by Spicer [101, 102] and Pierce et al. [103]431

concerning photoemission (in case spin-polarized) and photoconductivity measurements432

in bulk semiconductors. For this reason, in the following, we call this approach the433

Spicer-like model. The limits of applicability of the Spicer-like model will be discussed434

in the last paragraph of this section.435

5.2.3. Spin-to-charge conversion in the heavy-metal layer . It is interesting to correlate436

the spin current density injected into the HM layer to the potential difference generated437

at the Ohmic contacts [see Fig. 7 (b)]. Inside the spin detector, since no generation term438

or electric field is present, we just solve the spin drift-diffusion equation along the z-axis,439

which reads:440

(24) ∂2s

∂z2 = s

`s
2 .
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We assume that the spin current density at z = 0, i.e., at the HM/semiconductor inter-441

face, is js,0, as calculated in eq. (23). Conversely, at z = tHM, being tHM the thickness442

of the HM layer, we set js = 0, imposing that the spin current cannot leak from the HM443

surface. With these boundary conditions, the spin current density inside the HM is:444

(25) js(z) = js,0 csch
(
tHM

`HM
s

)
sinh

(
tHM − x
`HM

s

)
,

being `HM
s , the spin-diffusion length in HM. We define jav

s = 〈 js(z)〉z as the spin current445

density averaged over the thickness tHM of the HM layer [92]. We obtain:446

(26) jav
s = js,0

tHM

`HM
s

tanh
(
tHM

2`HM
s

)
,

which is the expression used in Refs. [92, 104]. Therefore, the potential difference at447

the extrema of the illuminated region is ∆VISHE = ρ a jav
s , being ρ the electrical re-448

sistivity and a the spot diameter of the focused laser beam. Consequently, the mea-449

sured potential difference ∆V at the Ohmic contacts under open circuit conditions is450

∆V = ∆VISHE πa/(4dx), being dx the dimension of the HM film along the x axis [104].451

5.2.4. Validity of the Spicer-like model. The Spicer-like model introduces a simple452

analytical formula to quantify the spin current density injected into the HM film. It is453

important to compare the results of eq. (23) with the outcome of a finite element method454

(FEM) analysis, where the spin-drift diffusion equation is numerically solved both in455

the semiconductor and the HM. The geometry of the problem (Fig. 10) and the basic456

equations to be solved [eqs. (19)] are the same. Moreover, at variance with the Spicer-457

like model, we can explicitly consider the built-in electric field of the Schottky junction458

[105]. We apply the boundary conditions: s(z = −tSC) = 0 and js(z = tHM) = 0. The459

former equation accounts for the impossibility to have a net spin density at the bottom460

Ge surface, provided that tSC is much larger than several absorption and spin-diffusion461

lengths in the semiconductor, and the latter to leak from the HM surface.462

The FEM calculations have been performed for a Pt/Ge junction, with tPt = 4 nm.463

The Ge thickness is set 70 µm, well above the typical absorption length of Ge, for464

~ω > Edg and the size of the mesh cell is less than 0.1 nm. The electron spin lifetime in465

Ge has been taken from typical values of Sec. 4; the diffusion coefficient and mobility of466

Ge from Refs. [107, 108]; the absorption coefficient and the electron spin polarization of467

Ge from Refs. [109] and [69], respectively, as plotted in Fig. 16 (a). The dielectric constant468

of Ge is ε = 16.2 ε0, with ε0 being the vacuum permittivity and the height of the Schottky469

barrier is φbar = 0.63 eV (experimentally measured in Ref. [100]). Concerning the spin-470

diffusion length in Pt, values of `Pt
s ranging from 0.5 nm and 14 nm have been reported471

in the literature [110, 111, 112, 113]. However, it has been recently demonstrated that472

`Pt
s strongly depends on the thickness of the Pt layer [104, 114]: therefore, based on the473

findings of Ref. [114], we set `Pt
s = 1 nm for a Pt thickness of 4 nm.474

The results of the FEM calculations are reported in Fig. 11. In panels (a,b), we show475

the spatial dependence of the spin density s(z), and of the spin current density js(z),476

normalized to the photon flux, for Nd = 2× 1016 cm−3, and ~ω = 0.8 eV. In panels477

(c-e) we compare the results of the spin current density injected into Pt js,0 = js(z = 0)478

resulting from the FEM model (blue dots), and from the Spicer-like formula [orange dots,479

eq. (23)]. The latter always overestimates js,0 since it neglects the built-in electric field480
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of the junction, which reduces the number of the injected spin-polarized electrons into481

the Pt layer. In Fig. 11 (c) we report the dependence of js,0 as a function of the doping482

concentration of Ge. A good agreement between the estimations of the two models is483

obtained for low doping concentrations (up to few 1016 cm−3), while the models differ484

of more than a factor 3 for Nd > 1017 cm−3. Nevertheless, at a fixed doping density485

(Nd = 2× 1016 cm−3), we obtain a similar trend of the photon energy dependence of486

js,0 [Fig. 11 (d)] and the models differ only for a proportionality factor which can be487

inferred from Fig. 11. This demonstrates that the Spicer-like model produces consistent488

results if the amplitude of the signal is not considered. Since in eq. (23) the absorption489

coefficient and the electron spin polarization are known parameters, whereas the photon490

flux can be easily obtained, the photon energy dependence allows estimating the `s in491

the semiconductor, apart from the multiplicative constant ξ, which in any case does not492

affect the dependence of js,0 as a function of the incident photon energy.493

Finally, in Fig. 11 (e) the dependence of js,0 on the spin-diffusion length in the Pt494

layer `Pt
s is shown. The Spicer-model is insensitive to this parameter, while the FEM495

model predicts a decrease of the spin current injected into the HM as `Pt
s increases.496

This discrepancy reflects the fact that, when `Pt
s is comparable with the thickness of497

the Pt layer, the boundary condition s(z = 0) = 0 of the Spicer-like model does not498
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Figure 11.: (a,b) Spatial dependence of the spin current density js (green line) and the spin
density s (red line), normalized with respect to the photon flux Φph, resulting from
FEM calculations. In this case we consider Nd = 2× 1016 cm−3, and ~ω = 0.8 eV.
(a) Spatial dependence of js and s within the whole investigated region. (b) Zoom
close to the Pt layer. (c-e) Comparison of the spin current density injected into
the Pt layer, calculated with the Spicer-like model (orange dots) and FEM analysis
(blue dots). (c) Dependence on the doping concentration Nd of Ge at ~ω = 0.8 eV.
(d) Dependence as a function of the photon energy ~ω for Nd = 2× 1016 cm−3.
(e)Dependence of the spin-diffusion length in Pt `Pt

s for Nd = 2× 1016 cm−3, and
~ω = 0.8 eV. Figure reproduced from Ref. [145]
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hold anymore. The decrease of js,0 with increasing `Pt
s is caused by the flow of the499

spin-polarized electrons which are reflected when they reach the Pt surface.500

6. – Experimental techniques: charge-to-spin conversion501

In the conventional magneto-optical Kerr effect (MOKE), the polarization of a light502

beam reflected by a magnetic medium is modified, depending on the magnetization state503

of the reflecting layer. Notably, the effect is still present even in media without a long-504

range magnetic order, but where an accumulation of spin-polarized carriers is present. By505

means of this technique Kato et al. [48] performed the first experimental demonstration506

of the SHE, directly imaging the spin accumulation in III-V microstructures. Up to507

now, similar investigations have been carried on in several semiconductors [115, 116] and508

metals [117, 118].509

In what follows we investigate common schemes for MOKE detection of the electrically-510

induced spin accumulation given by the SHE.511

6.1. MOKE experimental setup. – The geometry of MOKE is shown in Fig. 12. A512

linearly polarized light beam impinges on the sample surface with a polar angle ϑ0: the513

presence of a longitudinal (ML), polar (MP) or transverse (MT) magnetization of the514

sample can provide for the rotation of the light polarization and the generation of an515

elliptic component of the reflected beam, accounted in the Kerr rotation ϑk and the Kerr516

ellipticity εk [119, 120]. Since the Kerr signal is usually quite small, the signal-to-noise517

ratio can be enhanced by modulating the light reflected from the sample with a PEM,518

as sketched in the experimental setups of Fig. 13. In this case, a Wollaston prism can519

be placed after the PEM to split the p and s components of the beam (see Fig. 13 (a)).520

Therefore, the detection with a balanced photodiode (BPD) allows one to measure the521

difference between the intensities of the two beams. This is the experimental geometry522

employed for the investigation of polar MOKE (P-MOKE).The linearly-polarized light523

beam impinges on the sampe at normal incidence and the reflected beam is divided524

by a beam-splitter (BS) to simultaneously measure the reflectivity of the beam by a525

single photodiode (PD-R) and the Kerr signal by means of the BDP. Alternatively, a526

0

ML

MP

MT

s
p

n

Figure 12.: Geometry of the MOKE. A laser beam shines a magnetized sample with a polar
angle ϑ0. The polarization state of the reflected light is varied compared to the
light beam due to the magnetization of the sample. MOKE is defined as polar,
longitudinal or transverse depending on the magnetization state of the sample MP,
ML, and MT, respectively.
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Figure 13.: Sketch of the experimental setup for P-MOKE (a) and L-MOKE (b). A linearly
polarized laser beam illumminates the sample and the modulation of the reflected
light with a PEM allows detecting either the ellipticity or the rotation of the reflected
beam. To transform the modulation of the polarization in an modulation of the
light intensity, the beam passes through a second polarizer and is detected with a
photodiode.

second polarizer can be placed after the PEM, transforming the modulation of the light527

polarization, given by the PEM, in a modulation of the light intensity and allowing for528

the detection of the modulated Kerr signal with a photodiode (PD) (see Fig. 13 (b)).529

This is the experimental configuration exploited to investigate the longlitudinal MOKE530

(L-MOKE). In both PD and BPD schemes, the detected signal is demodulated with a531

lock-in amplifier.532

6.2. Electrically-induced spin accumulation. – The spin accumulation due to SHE can533

be detected with MOKE, in a stripe of geometrical dimensions dx, dy and dz. Let us534

suppose that in our reference system [see, e.g., Fig. 7 (b)] a charge current density jy535

flows along the y axis, as a result of the application of an electric field E = Ey uy, being536

uy the unit vector of the y axis. Due to SHE, a spin current density js,x flows along537

the x axis [see eq. (1)], with the direction of the spin polarization along z (and thus538

detectable with P-MOKE), and similarly a spin current density js,z flows along the z539

axis with the spin polarization of the carriers directed along x (and thus detectable with540

L-MOKE). In the following, we focus on the former case, the extension to the latter541

being straightforward. The estimation of the spin accumulation comes from the solution542

of the continuity and drift-diffusion equations for charge and spin. The charge and spin543

current densities flowing along x in presence of SHE are written as [121]:544

(27a) jx = q

(
D
∂n

∂x
+ µtsEy

)
,

545

(27b) js,x = q

(
D
∂s

∂x
+ µtnEy

)
,
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where we have defined the transverse mobility µt , γµ. By exploiting the spin and charge546

continuity equations, under steady state conditions we get:547

(28a) ∂2n

∂x2 + µt

D

∂s

∂x
Ey = 0.

548

(28b) ∂2s

∂x2 + µt

D

∂n

∂x
Ey = s

`s
2 .

Since no charge current is flowing along x, we can impose jx = 0 and obtain:549

(29) ∂n

∂x
= −µt

D
sEy,

which, substituted into eq. (28b), gives:550

(30) ∂2s

∂x2 = s

(
1
`s

2 + µt
2

D2 Ey
2
)
.

The solution of this differential equation can be found by exploiting the boundary condi-551

tions js,x(x = ±dx/2) = 0. To obtain the carrier concentration n, we exploit the general552

solution of eq. (30) to solve eq. (28a), by imposing jx = 0 and n(x = 0) = n0. Finally, at553

the first order in Ey, the spin accumulation and the spin current density result, respec-554

tively [48, 121, 117, 116]:555

(31a) s(x) = −µt

D
`sn0 sech

(
dx
2`s

)
sinh

(
x

`s

)
Ey,

556

(31b) js,x(x) = qµtn0

[
1− sech

(
dx
2`s

)
cosh

(
x

`s

)]
Ey.
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Figure 14.: Electrically-induced spin accumulation (a) and spin current density (b), normal-
ized to the parameters in eqs. (31), expected in a stripe of width dx = 100 µm for
`s = 5 µm (blue line), `s = 20 µm (orange line), and `s = 50 µm (green line).
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In Fig. 14 we report a sketch of the profiles of s(x) and js,x(x) in a stripe with dx = 100 µm557

and with `s ranging between 5 µm and 50 µm. As `s increases, the spin accumulation558

at the edges of the stripe increases. When `s approaches dx/2, the spin profile becomes559

linear. The spin current density at x = 0 decreases for increasing values of `s since the560

spatial distribution of the spin-polarized carriers generates a diffusive currents ∝ ∂s/∂x561

which partially balances the SHE contribution [see eq. (27b)].562

7. – Experimental results563

7.1. ISHE in Pt/Semiconductor junctions. – The spin transport in different HM/semiconductor564

junctions have been investigated, where HM is represented by a 4 nm-thick Pt layer, act-565

ing as a spin detector, whereas spins are optically injected in Ge, GaAs and Si substrates,566

with a thickness varying between 350 and 500 µm, well above the spin-diffusion length `s567

and the absorption length `α = 1/α of the semiconductors. The Pt film is grown on the568

(001) surface of the semiconductors. Substrates are n-doped (with As for Ge, P for Si, and569

Si for GaAs), with dopant concentration NGe
d = 1.6× 1016 cm−3, NSi

d = 9× 1014 cm−3
570

and NGaAs
d = 2× 1018 cm−3.571

We illuminate Pt/Ge, Pt/Si, and Pt/GaAs junctions at grazing incidence (spotsize572

≈ 10 µm) to photogenerate an in-plane component of the spin polarization in the CB573

of semiconductors. Spins diffuse to the thin Pt layer, where the ISHE takes place. The574

voltage difference resulting from the conversion of the spin current into a charge current575

is detected under open circuit conditions by means of two ohmic contacts (200 nm-thick576

Au/Ti) grown on the top of the Pt layer, as sketched in Fig. 7 (a). All the measurements577

are performed at room temperature.578

7.1.1. Signal characterization. Fig. 15 shows the ISHE signal in the Pt/Ge sample as a579

function of the polar ϑ and azimuthal ϕ angles, the DCP and the incident optical power580

W . The measurements are acquired with a photon energy resonant with the Ge direct gap581

~ω = 0.8 eV. In Fig. 15 (a,b), the angular dependences of the detected signal confirm the582

linear dependence for small polar angles ϑ and a cosine dependence on the azimuthal angle583
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Figure 15.: Dependences of ISHE signal in a Pt/Ge sample for ~ω = 0.8 eV as a function of (a)
the azimuthal ϕ and (b) polar ϑ (b) angles. ISHE signal as a function of (c) the
DCP and (d) the optical power, incident on the sample. Dashed lines show a fit of
the experimental data based on eq. (18).
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ϕ, expected for a photoinduced ISHE signal [see eq. (18)]. For comparison, theoretical584

predictions are reported in Fig. 9. The linearity of the detected signal with the DCP is585

reported in Fig. 15 (c). In Fig. 15 (d), we show the linear dependence of the signal with586

the optical power density impinging on the sample, as expected from eq. (18). These587

results confirm the spin-related nature of the detected signal. Similar characterizations588

have been carried on for the Pt/Si and Pt/GaAs samples.589

7.1.2. Photon energy dependence. In Sec. 3, we have detailed the physics of the op-590

tical orientation process in Ge. As already mentioned, the discussion can be applied to591

GaAs in a straightforward manner, by considering the different bandstructure parame-592

ters: EGaAs
dg ≈ 1.42 eV, and ∆GaAs

0 ≈ 0.32 eV. Both in Ge and in GaAs, SOI is strong593

enough to induce a significant splitting of the HH and LH bands from the SO one.594

Optical orientation in Si is quite different: SOI is small (∆Si
0 ≈ 0.04 eV) and the direct595

band gap is in the ultraviolet range (ESi
dg ≈ 3.4 eV), while the bottom of the CB lies along596

the ∆ direction, and ESi
ig ≈ 1.12 eV. Thus, at variance with Ge and GaAs, where a direct597

(or quasi-direct in the case of Ge) gap is present and optical transitions occur around Γ,598

optical spin injection in Si is performed by exploiting indirect Γ → ∆ transitions with599

circularly polarized light, mediated by phonons. This mechanism has been predicted600

theoretically in Ref. [71]. In this case, the maximum P Si
n,0 that can be obtained at room601

temperature is about 5%, rapidly decreasing as the photon energy is increased above ESi
ig .602

After photogeneration, spins diffuse towards the Pt layer. At variance from Ge and603

Si, GaAs is a direct gap semiconductor. In GaAs, both generation and transport occur604

at Γ. In Ge, the electrons photoexcited at Γ undergo a fast Γ → L scattering (mostly605

spin-preserving, see Sec. 4, and Ref. [122]), the transport occurring at the L minima.606

Finally, in Si the spin-polarized electrons are directly photogenerated in ∆, where also607

spin transport takes place.608

In Fig. 16, we report the experimental photon energy dependence of the ∆VISHE signal609

in the case of Pt/Ge, Pt/Si, and Pt/GaAs, for ϕ = 0◦, and ϑ = 10◦. To account for the610

different optical power impinging on the sample, the ISHE signal is normalized to the611

photon flux Φph transmitted to the substrate, obtained by means of the optical analysis612

reported in Sec. 5.2.1.613

Phenomenologically, the ISHE signal for the Pt/Ge sample has its maximum when614

the photon energy is tuned around EGe
dg and then decreases as transitions towards the615

SO band are allowed. Thus, ∆VISHE nicely mimics the initial spin polarization of the616

electrons, shown in Fig. 4, and for convenience reported in Fig. 17 (a). On the contrary,617

in the case of Si and GaAs, ∆VISHE is quite small at the energy gap and increases as618

a function of the photon energy, up to a plateau. This behavior is radically different619

from the spin polarization at the generation time shown in Fig. 17 (b,c) for Si and GaAs,620

respectively.621

The experimental results of Fig. 16 can be interpeted within the frame of the Spicer-622

like model. We modify eq. (23) to explicitly account for the absorption and spin-diffusion623

lengths:624

(32) ∆VISHE ∝ Pn,0
`s/`α

1 + `s/`α
.

Hence, the detected signal is determined by the initial spin polarization Pn,0, and by625

the ratio between the absorption length `α = 1/α and the spin-diffusion length `s of626

the semiconductor. Since the photon energy dependence of both Pn,0 and the absorption627



24 F. BOTTEGONI ETC.

V
IS

H
E
/

p
h
 (

a.
u
.)

0.7

(a)1

0

0.2

0.4

0.6

0.8

h  (eV)
1.0

(b)

h  (eV)

Pt/Si

1.2 1.4 1.6 1.8 1.4

(c)

h  (eV)

Pt/GaAs

1.6 1.81.0 1.3 1.6

data

typical 
error

t
data

typical 
error

t

data

typical 
error

t

Pt/Ge

Figure 16.: Detected ISHE signal for ϕ = 0◦, and ϑ = 10◦, normalized to the photon flux Φph, as
a function of the photon energy for (a) Pt/Ge, (b) Pt/Si, and (c) Pt/GaAs junctions.
The dark dotted lines show the fit of the data with the 1D drift-diffusion Spicer-like
model [eq. (23)].

coefficient α are well established in the literature, the fit of the experimental data provides628

an estimation of the spin-diffusion length in the investigated semiconductors. Here, we629

assume that the value of `s does not depend on the photon energy. However, this is630

a valid assumption only if the spin-polarized electrons relax at the bottom of the CB,631

preserving the spin character, i.e., if spins are scattered at the bottom of the CB within632

a time scale much faster than the electron spin lifetime [73]. Indeed, this condition holds633

when photon energy is close to the gap of the semiconductor.634

The different behavior of ∆VISHE as a function of the photon energy in Ge, compared635

to Si and GaAs, can be ascribed to the different `s/`α ratio. Indeed, if we evaluate636

eq. (32) in the limiting case `s � `α, we get ∆VISHE ∝ Pn,0, while `s � `α produces637

∆VISHE ∝ αPn,0. Since the ISHE signal in Pt/Ge mimics the initial spin polarization of638

Ge, the Spicer-like model predicts `Ge
s > `Ge

α . On the contrary, we expect `s < `α for Si639

and GaAs, thanks to the small spin lifetime in the case of GaAs due to the Dyakonov-640

Perel spin relaxation mechanism [50], and to the long absorption length in Si related to641

the absence of direct transitions within the explored energy range.642

The photon energy dependence of the normalized ISHE signal, according to the Spicer-643

like model [eq. (32)], is shown in Fig. 17 (d-f) for different values of `s. In Fig. 17 (a-c)644

we show the initial electron spin polarization and the absorption coefficient used for the645

calculations. Consistently with the previous discussion, by comparing the calculations of646

Fig. 17 with the experimental results in Fig. 16, high values of `s (in units of `α) better647

fit the results of Ge, while the opposite applies for Si and GaAs.648

The best fit of the experimental results yields `GaAs
s = 30± 5 nm and `Si

s = 9± 2 µm649

for GaAs and Si, respectively. For Ge, the Spicer-like model only provides a lower bound650

estimation of the electron spin diffusion length, since similar spectra are obtained for651

values of `Ge
s larger than 1 µm. The estimated `s values are in agreement with those652

reported in the literature, either for GaAs [125, 93], Si [71, 126, 127] or Ge [128, 31, 129,653

97].654

The evaluation of the amplitude of the ISHE signal in Pt/Semiconductor junctions655

is a critical issue. Indeed, if we analyze ∆VISHE at the Ohmic contacts for the Pt/Ge656

sample, measured for ~ω = 0.8 eV, we get an ISHE charge current inside the illuminated657
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Figure 17.: The top panels (a-c) show the initial electron polarization (dark line) and absorption
coefficient (light line) for Ge (a, from Refs. [69] and [109], respectively), Si (b, from
Ref. [71]), and GaAs (c, from Refs. [123] and [124], respectively). The bottom panels
(d-f) show the trend of the ISHE spectra obtained with a 1D drift-diffusion model,
for different values of `s in the case of a Pt/Ge (d), Pt/Si (e), and Pt/GaAs (f)
junction (Ref. [100]). The color scale of the spin-diffusion lengths is reported in
panel (f).

region, normalized to qΦph, equal to jISHE/qΦph ∼ 102 [see Sec. 5.2]. At the same658

time we can calculate the optically injected spin current density, normalized to qΦph,659

obtaining js/(qΦph) ∼ 10−2. Therefore, γ = jISHE/js ∼ 104 [see eq. (26)], which yields660

an unphysical result for the SCI efficiency in Pt. Despite effective spin-Hall angles larger661

than unity have been estimated by measuring the spin-orbit torque exerted by topological662

surface states on ferromagnets [130, 131, 132, 133, 134], the above value of the SCI663

efficiency is roughly five orders of magnitude larger than the commonly accepted value664

γ ≈ 0.1 [135, 136, 111, 137, 138]. Such a discrepancy could be due to the fact that665

the Spicer-like model does not consider the possible presence of some spin enhancement666

mechanism operating in Pt [139] or at the Pt/semiconductor interface, where photovoltaic667

effects related to the in-plane electrons diffusion can also play a major role [140, 141, 142].668

7.2. Non-local spin injection/detection scheme in Ge. – In Fig. 18 we show the struc-669

ture of the sample and the scheme of measurements. We employ a series of Pt pads, grown670

on top of a As-doped Ge(001) substrate (doping concentration NGe
d = 1.6× 1016 cm−3),671

to generate an in-plane component of the spin polarization of the photogenerated elec-672

trons, as explained in Sec. 5.1, by locally illuminating with a focused laser beam (~ω =673

0.8 eV). Optically injected spins diffuse in the Ge substrate toward the detection674

point. The detection is performed via ISHE taking place in a Pt stripe with two675

Au(250 nm)/Ti(10 nm) Ohmic contacts grown on the top [Fig. 18 (b)]. The spin-dependent676

signal, together with the sample reflectivity, is recorded as a function of the focused beam677

position. All the measurements have been acquired at room temperature.678

Figure 19 shows the experimental results. In panels (a-c), we report the dataset679
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for the sample described in Fig. 18, while panels (d-f) show the results for a simi-680

lar sample, where the detection is performed with a magnetic tunnel junction (MTJ)681

(a)

Ge

Pt
spin injection

transport

de
tec

tio
nspi

n

(b)
d

Figure 18.: (a) Scheme of the non-local spin injection/detection scheme. We employ a series
of Pt stripes to generate an in-plane component of the spin polarization via optical
orientation. Spin-polarized photoelectrons transported in Ge to the detection point,
operated via ISHE in an additional Pt stripe. (b) Scanning electron microscope
image of the sample, from Ref. [32]. Pt pads are 1× 2 µm2-wide and the spacing
between pads along the x axis is 1 µm, so that the periodicity is d = 2 µm.
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Figure 19.: (a,d) Reflectivity image of the ISHE and MTJ devices, respectively. (b,e) Map of the
spin-dependent electrical signal, normalized to the incident optical power (900 µW
and 60 µW for ISHE and MTJ, respectively) at ~ω = 0.8 eV. (c,f) Profiles of the
(a,b,d,e) maps taken at the center of the Pt pads, as a function of the distance x
from the detector. The orange dots show the experimental data, whereas the light
blue line represents the fitting with a 1D diffusion model [32].
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rather than via ISHE in Pt, to validate the results obtained with the ISHE detection682

scheme. In Fig. 19, ∆VMTJ is the potential difference acquired between an Ohmic con-683

tact [Au(250 nm)/Ti(10 nm)], deposited on top of the Ge surface, and a second contact684

grown on the top of the Pt(5 nm)/Fe(15 nm)/MgO(3.5 nm) MTJ. In this sample, a685

3.5 nm-thick MgO layer has also been deposited between the Pt generation pads and Ge.686

To compare the results of ISHE and MTJ detection, we force the magnetization of the687

Fe layer to lie along the x axis in Fig. 18 (b). In this way, both spin-detection schemes688

are sensitive to the x direction of the spin polarization.689

In Fig. 19 (a,d) the reflectivity of the samples is reported. The spin-related electrical690

signal is shown in Fig. 19 (b,e), normalized to the optical power density illuminating the691

sample. Since we are able to correlate the spin generation point to the corresponding692

detected signal, this spin injection/detection schemes allow for a direct measurement693

of the diffusive spin paths in Ge. Opposite signals are detected when the laser beam694

illuminates opposite edges of Pt pads. Notably, the amplitude of the signal decreases695

by moving the light beam away from the detection point, as a consequence of the spin696

depolarization due to diffusion in Ge. In Fig. 19 (c,f) the orange dots represent the voltage697

signal recorded at the center of the Pt stripes, as a function of the distance from the spin698

detector along the x axis, while the dark blue profile corresponds to the reflectivity along699

the same axis. The electrical signal is zero at the center of the Pt pads and is reversed700

at the two opposite edges.701

The experimental results can be interpreted within the frame of a 1D diffusion model702

[143], acording to which:703

(33) ∆V (x) ∝ sin(2πx/d) e−x/`s ,

where the sinusoidal term accounts for the periodicity of the spin generation, being704

d = 2 µm the periodicity of Pt pads along the x axis, and x = 0 the position of the705

detector. Since, by measuring ∆V as a function of the distance, we observe a relative706

variation of the spin-related signal, the only free parameter in eq. (33) is the spin-diffusion707

length `s. The light blue curve in Fig. 19 (c,f) reports the results of the fitting, which yield708

`ISHE
s = 10± 1 µm and `MTJ

s = 12± 1 µm, for ISHE and MTJ devices, respectively. We709

ascribe the difference in `s to the thin MgO layer below the Pt pads for the spin generation710

in the MTJ device. This prevents most of the absorption of the spins from the Pt pads711

between the generation and detection point, which act as an effective spin relaxation712

channel.713

The measured value of `s ≈ 12 µm yields a spin lifetime τs ≈ 20 ns, if a diffusion coef-714

ficient D = 65 cm2s−1 is employed [144, 145]. The experimentally estimated `s value715

is larger than what expected from the theoretical calculations carried on in Sec. 4716

(τ th
s ≈ 5 ns). However, for lightly n-doped samples, the most efficient spin relaxation717

channel is intervalley scattering (see Sec. 4 amd Ref. [31]), of which theoretical estima-718

tion suffers from a large variability of the relevant parameters, both in the calculations719

of Sec. 4 and in Refs. [31] and [77].720

Finally, it is important to point out that, despite the higher responsivity of the MTJ721

detection block, the exploitation of ISHE allows realizing a spin injection/detection722

scheme without any ferromagnetic material. Moreover, at variance from other injec-723

tion/detection schemes, the employed technique is able to probe the pristine interface724

of materials grown on the Ge surface. This can be particularly suitable in the inves-725

tigation of topologically protected surface states where the surface quality is of crucial726

importance.727
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Figure 20.: Sketch of the sample for ISHE measurements directly in bulk Ge. A stripe of single
crystal Ge lies on the top of a SiO2/Si substrate. The geometrical dimensions of the
stripe are dx × dy × dz = 1× 20× 1 µm3. A CP light beam illuminates the stripe
at grazing incidence, thus photogenerating in the CB of Ge a spin-polarized electron
population. The charge current resulting from ISHE in Ge is detected by measuring
the potential difference under open circuit conditions ∆VISHE between two Au/Ti
ohmic contacts.

7.3. Spin-to-charge conversion in Ge. – As discussed above, the fundamental feature728

for an efficient spin detector is a non-negligible SOI. This is the reason why non-magnetic729

heavy metals such as Au or Pt are employed to detect spin currents. However, SOI in730

Ge is quite large, therefore it is also possible to induce SCI phenomena directly in Ge. In731

particular, it is convenient to optically generate a spin current in Ge, detecting the electric732

signal resulting from the ISHE directly in a Ge stripe. Figure 20 shows the layout of733

the sample. The Ge stripe is fabricated by employing the germanium-on-insulator (GOI)734

technique, realized with the Smart Cut process [146]. The obtained wafer consists of a735

1 µm-thick Ge layer on a 1 µm-thick buried oxide. The uniform doping of the Ge layer736

has been obtained via multiple ion implantations at different energies. To evaluate the737

SCI of bulk Ge as a function of the doping type, we investigate a n-doped sample (P-738

doped, Nd = 2× 1019 cm−3) and a p-doped one (B-doped, Na = 5× 1018 cm−3). Indeed,739

since the spin-Hall angle of Ge is expected to be quite low for thermalized electrons [90],740

by decreasing the electrical resistivity the skew scattering conductivity is supposed to741

increase [50]. The measured resistivity for n- and p-type Ge are ρn = 1.2 mΩ · cm and742

ρp = 3.9 mΩ · cm, respectively. The Au(150 nm)/Ti(10 nm) ohmic contacts have been743

deposited in UHV on the clean Ge surface. Then, the sample has been lithographically744

defined in the geometry of Fig. 20.745

Optical orientation has been performed by illuminating the sample at grazing inci-746

dence with a polar angle ϑ ≈ 20◦ [see Fig. 7 (b)], corresponding to ϑGe between 3.3◦747

and 4.7◦ inside Ge within the explored range of photon energies. Throughout all the748

measurements, the azimuthal angle ϕ has been set at 0◦ to maximize the component of749

the spin polarization directed along the x axis.750

In this case, we have employed a double modulation technique to increase the signal-751

to-noise ratio, by modulating the light CP at 50 kHz by means of the PEM and chopping752

the light intensity at 21 Hz.753

Figure 21 shows the ISHE signal ∆VISHE for the analyzed samples, normalized to the754

photon flux Φph. For both the samples, ∆VISHE changes sign around ~ω ≈ 1.04 eV, which755

corresponds to the onset of the transition from the SO branch in the Ge valence band756
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Figure 21.: ISHE signal for p- (red circles) and n-doped Ge (blue squares) samples. ∆VISHE has
been normalized to the photon flux Φph. Each data point represents the average
value of ten acquisitions of 200 s each. Figure reproduced from Ref. [73].

at Edg + ∆0 = 1.09 eV. The slight energy difference is given by the band gap narrowing757

occurring in heavyly-doped Ge samples [147].758

The sign inversion depends on the interplay between the spin and the energy relax-759

ation times of the photoexcited electron population. To unravel the physical mechanism760

determining the ISHE signal, it is necessary to analyze the spin relaxation mechanisms in761

the Ge conduction band and the temporal dependence of the electron spin polarization762

Pn(t). To this purpose, Fig. 22 reports the momentum τm, energy τε and spin τs relaxation763

times of the photoexcited electrons in the investigated samples, based on the analysis764

performed in Secs. 4. It is possible to see that at low kinetic energies (Ek < 0.45 eV)765

the energy relaxation time is shorter than the spin lifetime [see Fig. 22 (a)]. Therefore,766

within this energy range, spin is preserved and energy is thermalized. On the contrary,767

for higher kinetic energies (Ek > 0.45 eV), the spin depolarization occurs before energy768

thermalization. Therefore, we can conclude that the interplay between spin relaxation769

and momentum and energy relaxation is the driving mechanism for the experimentally770

observed sign inversion.771

Figure 23 shows snapshots of the calculated electron spin polarization at three dif-772

ferent times after photogeneration. To calculate Pn,0(~ω), we employ standard matrix773

elements for the optical transitions at the Γ point and we take into account a simplified774

JDOS resulting from a parabolic band approximation around Γ, as shown in Sec. 3.775

Thanks to the energy conservation, we can infer the energy distribution of the different776

spin populations photoexcited from the HH, LH, and SO branches [148], which are evi-777

dently affected by different spin and energy relaxation times as a function of their kinetic778

energy [see Fig. 22]. As a consequence, the temporal evolution of the spin polarization,779
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from Ref. [73].

defined as780

(34) Pn(t) = n↑(t)− n↓(t)
n↑(0) + n↓(0) ,

depends on the photon energy and can be obtained by calculating the time evolution of781

the three photoexcited populations.782

Bearing in mind Fig. 23, at t = 0 the spin polarization is determined by the electrons783

originated from the HH, which are the majority of the photoexcited electrons. However,784

the latters are promoted at higher energies compared to the ones originated from the SO785
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Figure 23.: Spin-polarization spectra of the photogenerated electrons at the generation time
(t = 0, blue dotted line), at 0.5 ps and 2 ps (orange dashed and green continuous
lines, respectively). Figure reproduced from Ref. [73].
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branch, so that they undergo to a faster depolarization. Thus, when transitions from786

the SO states are allowed, a sign reversal of the polarization occurs after a finite time787

interval.788

Finally, we derive ∆VISHE directly from the ISHE relation [eq. (2)]. Since | js × us| =789

js sin(ϑGe), the-time dependent potential difference at the ohmic contacts reads:790

(35) ∆VISHE = γ 〈 js(z)〉z ρ dz sin(ϑGe),

where 〈 js(z)〉z is the average of the spin current density js(z) over the stripe thickness791

dz. The expression of js(z) comes from the spin-continuity and drift-diffusion equations792

in the steady state conditions (∂s/∂t = 0), with optical generation of a spin population793

[eq. (19)], resulting in the pure spin-diffusion equation [eq. (20)]. The equations are794

solved by imposing the boundary conditions js(0,−dz) = 0 to model the fact that spin795

cannot leak from the Ge layer at the Ge/air (z = 0) or Ge/SiO2 (z = −dz) interfaces.796

We then calculate jav
s = 〈 js(z)〉z by averaging js(z) over the thickness dz of the stripe.797

In Fig. 24 (a), we report the total spin current density jav
s , and the partial contributions798

generated from the electrons promoted from HH, LH, and SO states. As already discussed799

for the time-dependence of the electron spin polarization [Fig. 23], electrons promoted800

from the SO band hold their spin character for a longer time compared to the electrons801

promoted from the HH band, as a consequence of the different spin relaxation times.802

By comparing Figs. 21 and 24, one can notice that, despite the calculated spin current803

density nicely mimics the sign reversal, the trends of the measured ∆VISHE and the804

calculated jav
s are completely different. Since in eq. (35) all the parameters are measured805

or calculated except the spin-Hall angle γ of Ge, the different trend of ∆VISHE and806

jav
s reveals the energy dependence of γ. Therefore, we can directly estimate the SCI807

efficiency for n- and p-doped samples from eq. (35), obtaining the results presented in808

Fig. 25. The value of γ for thermalized electrons in the n-doped sample (≈ 2× 10−4) is809

in good agreement with the one estimated from spin pumping in a CoFeB/MgO layer810

grown on top of a heavily P-doped Ge (doping concentration Na ≈ 1019cm−3) [90]. On811

the contrary, γ ≈ 2 × 10−5 for thermalized electrons in p-type Ge, which is much lower812
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Figure 24.: Average of the total spin current density jav
s flowing in the Ge layer (gray continuous

line) and partial contributions given by the populations promoted from HH (blue
dash-dotted line), LH (orange dotted line), and SO (green dashed line). Figure
reproduced from Ref. [73].
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ranges between 2 and 4. Figure reproduced from Ref. [73].

than the value estimated from spin pumping measurements in a B-doped Ge sample813

(Nd ≈ 1018 cm−3) [149].814

For thermalized electrons, scattering is mainly due to impurities [see Fig. 22 (a)],815

therefore we can employ a simple atomistic picture where the spin-dependent scattering816

cross section follows the atomic number of the scattering center ∝ Zm, with m ranging817

between 2 and 4. In this case, γp/γn ≈ (ZB/ZP)m ≈ 0.01− 0.11, being ZB and ZP the818

atomic numbers of B and P, the dopants of p- and n-type Ge, respectively. From the819

experimental data γp/γn ≈ 0.1, nicely falling in the range of the atomistic picture. The820

ratio between the spin-Hall angle for the p- and n-type Ge are reported in the inset of821

Fig. 25, together with the band marking the ratio obtained from the atomic picture.822

It is worth noticing that in Fig. 21 the detected ∆VISHE signals are comparable for n-823

and p-doped Ge, despite from Fig. 25 we infer γn > γp. This is due to the higher resistivity824

for p-doped Ge, which, from eq. (35), balances the higher spin-Hall angle of n-doped Ge.825

Figure 25 also suggests that the extracted γ value has roughly an exponential growth with826

~ω for both dopants. For high photon energies we estimate γ ≈ 0.1, a value much larger827

than the ones reported up to now for semiconductors [116, 150, 151, 152, 90, 153, 93].828

Notably, a value of γ = 0.02 has been estimated in GaAs [152] for electrons with kinetic829

energies Ek ≈ 0.3 eV. Moreover, in that case an exponential growth with Ek has been830

also reported and ascribed to a higher occupation probability of the L valley of GaAs,831

where the SOI was expected to be larger. A similar increase of γ has also been observed832

in Ref. [93]. In both reports [152, 93], γ for thermalized electrons has been estimated833

between 2× 10−4 and 5× 10−4. We can gain some more insight from the photon energy834

dependence of the ratio γp/γn, shown in the inset of Fig. 25. If for thermalized electrons835

the ratio is about 0.1, its value increases up to 0.8 at higher photon energies. From836
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the calculations of the momentum relaxation time [Fig. 22 (a)], we deduce that, at low837

Ek, the momentum scattering is lead by collisions with impurities, while, as the kinetic838

energy increases, the phonon contribution becomes dominant. Indeed, the dependence of839

γp/γn on the photon energy seems to reflect this behavior. For near-gap excitations the840

ratio can be inferred from the atomistic picture of the cross section of the scattering from841

impurities. As the photon energy increases, the contributions from phonon scattering842

increases and no difference in n- and p-doped Ge is expected when the SCI is mediated by843

phonons. Thus, γp and γn approach the same value. Moreover, the paramount increase844

of γ with the photon energy suggests that phonon scattering is much more efficient845

compared to impurity scattering for SCI.846

Finally, it is interesting to compare the results described above with the spin-to-charge847

conversion discussed for a Pt/Ge junction (Sec. 7.1). At variance with Fig. 21, in the848

case of Pt/Ge, the ISHE signal does not show any sign reversal as a function of the849

incident photon energy. To solve this discrepancy we can exploit the Spicer-like model850

[eq. (23)] to calculate the total spin current injected in the Pt layer from Ge, when three851

independent spin populations (promoted from HH, LH, and SO) are considered. The852

result is shown in Fig. 26, compared to the case of Ge. Notably, no sign reversal is853

expected in the spin current density injected into the Pt film, as experimentally observed854

in the Pt/Ge junction [Fig. 16 (a)]. The difference lies in the fact that, if electrons diffuse855

from Ge to Pt, their spin depolarization mostly occurs in the Pt layer, while for the ISHE856

in Ge all the spin relaxation takes place inside the semiconductor.857

7.4. Spin-Hall effect in Ge. – To completely characterize the spin-to-charge intercon-858

version phenomena in Ge, the spin-Hall effect has to be taken into account. In this case,859

we investigate a 3 µm-thick Ge bar grown on a 500 µm-thick Si(001) substrate. Since860

electrons should flow only inside germanium to generate an electrically-induced spin ac-861

cumulation, we employ P -doped Ge with a doping concentration Ns = 2.5× 1018 cm−3
862

(resistivity ρGe = 10.5 mΩ cm at 20 K), whereas the Si substrate is highly insulating863

(ρSi > 10 kΩ cm). An optical image of the sample is shown in Fig. 27 (a). The Ge stripe864

has a size of dx × dy = 100× 220 µm2, along the x and y axes [within the reference frame865

of Fig. 27 (a)], respectively.866
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Figure 27.: (a) Optical reflectivity map of the sample for ~ω = 0.8 eV. The Ge stripe, the Ni
contacts and the Si substrate are depicted in light blue, violet and gray, respectively.
The experimental data in panels (b,c) show the reflectivity and the ellipticity profiles,
respectively, across the x-axis, for a positive (red dots) or negative (black dots)
applied electric field along the y axis. All the data have been acquired with an
absolute value of the electric field of 4.7 mV/µm. The profiles are obtained by
averaging over the y-axis the data obtained in a scanned area of 130× 40 µm2.
The dots represent the mean value, while the error bar shows twice the standard
deviation of the data. A complete ellipticity map is shown in (d), obtained as the
difference between the measurements with opposite electric fields. (e) Ellipticity εk

and electrically-induced spin density s across the Ge channel. Figure adapted from
Ref. [116].

By means of two ohmic contacts (Ni pads, 100 nm-thick), we apply an electric field867

E+(−) along the y axis. Due to SHE, the electric field generates at the edges of the868

Ge stripe (along the x axis) an accumulation of electrons with a spin polarization par-869

allel to the out-of-plane direction (z axis), in agreement with eq. (31a). The applied870

electric field is less than 8 mV/µm, corresponding to a charge current density j lower871

than 8× 103 A/cm2. It is worth mentioning that the possibile magnetization of the872

Ni contacts is irrelevant for the injection of spin-polarized electrons in Ge due to the873

conductivity mismatch between Ni and Ge [23].874

Since the direction of the spin polarization is perpedicular to the sample plane, we875

exploit the P-MOKE setup shown in Fig. 13 (a), with a balanced photodiode bridge876

acquisition, to simultaneously measure the Kerr ellipticity εk and the reflectivity of the877

sample (see Sec. 6.1). The light source is a 0.8 eV continuous-wave laser, with an optical878

power incident on the sample of 2 mW. Throughout all the measurements the sample879

is kept at T = 20 K. At this temperature, the Ge direct gap lies at Edg ≈ 0.86 eV, as880

a result of both the effect of the temperature [154], and the band gap narrowing due to881

impurities [147]. It is worth noticing that the photon energy has been chosen to optimize882

the magnitude of the Kerr signal [155], and avoid optical absorption at Γ.883

In Fig. 27 (b,c) we report the reflectivity [R, panel (b)] and the Kerr ellipticity [εk,884

panel (c)] measured for an applied electric field E = 4.7 mV/µm parallel (red circles)885

or anti-parallel (black circles) to the y axis. The profiles represent the spatial average886

along the y direction of 130× 40 µm2-wide maps. εk is reported only in a region between887
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x ≈ −40 µm and x ≈ 40 µm, to avoid possible optical artifacts related to the edges of888

the channel. As expected, the reflectivity profile does not change upon reversal of the889

applied current density, while εk shows a slope reversal for opposite directions of j.890

Figure 27 (d) shows a complete ellipticity map of the scanned region, obtained as the891

difference between the Kerr ellipticity detected for E+ and E−. The averaging of the892

map reported in Fig. 27 (d) yields the Kerr ellipticity profile of Fig. 27 (e), also obtained as893

the difference of the two profiles shown in Fig. 27 (c). Since the measured Kerr ellipticity894

is proportional to the electrically-induced spin accumulation, the latter shows a linear895

dependence as a function of the x position.896

As derived in Sec. 6.2, the electrically-induced spin density is expressed by eq. (31a),897

reported here for convenience:898

(36) s(x) = −µt

D
`sn0 sech

(
dx
2`s

)
sinh

(
x

`s

)
E.

The dependence upon x is accounted only in the sinh(x/`s) term, which can be approxi-899

mated as sinh(x/`s) ≈ x/`s for x/`s � 1. Since x ranges between ±dx/2, the approxima-900

tion is valid for `s � dx/2, as already pointed out in Fig. 14 (a). This nicely reproduces901

the observed linear profile of εk and suggests a long spin-diffusion length in heavily-doped902

Ge at low temperatures.903

However, this does not allow estimating the value of `s directly from the experimen-904

tal profiles of εk by means of eq. (36) (at variance with Ref. [48]), since any `s > t/2905

would give a spin accumulation profile in agreement with the one experimentally ob-906

served. By exploiting the theoretical calculations of Sec. 4, we can estimate a spin907

lifetime τs = 420 ns in Ge for Nd = 2.5× 1018 cm−3 at T = 20 K. To calculate the spin-908

diffusion length we infer from Hall measurements performed at the same temperature an909

electron mobility µ ≈ 103 cm2 V−1s−1, in agreement with Ref. [156]. From the general-910

ized Einstein equation [108] we obtain a diffusion coefficient D = 23 cm2/s, which yields911

`s ≈ 31 µm, a value compatible with the linear profile observed in Fig. 27 (e).912

To perform a quantitative analysis of the spin-Hall effect in Ge, it is mandatory to913

find the relation between the electrically-induced spin accumulation and the measured914

Kerr ellipticity εk, which represents the responsivity of the experimental setup. To915

this purpose, optical orientation is employed to inject an electron population in the916

conduction band of Ge with a well-known spin polarization (pump beam). In this case917

we measure (probe beam) the Kerr ellipticity generated by the optically injected spins918

[see Fig. 28 (a)]. The direction of the pump beam is 45◦ with respect to the normal919

of the sample and the spot size is about 100 µm with 10 mW of optical power. The920

two beams have been focused and overlapped on the Ge surface. From Fig. 28 (b) it is921

straightforward to see that, by varying the DCP of the injected photons, we vary the922

injected spin polarization and eventually the detected εk value. The number of injected923

spins can be estimated by solving the standard spin drift-diffusion equation in the steady924

state conditions with an optical generation term [eq. (20)]. Since in our experimental925

case the absorption coefficient is α = 5 cm−1 [157], while the stripe thickness is only926

dz = 3 µm, we approximate the light absorption as constant over the whole stripe. This927

reduces eq. (20) to:928

(37) ∂2s

∂z2 −
s

`s
2 = −Pn,0Φphα

D
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and by imposing the boundary conditions js(0,−dz) = 0 we obtain:929

(38) s = τs P
z
n,0Φphα,

being P zn,0 the electron spin polarization along the z axis. Since the pump beam illu-930

minates the sample at 45◦ with respect to the normal, the polar angle in Ge is ≈ 10◦,931

meaning that the polarization vector is almost parallel to z, i.e., P zn,0 ≈ Pn,0. Since the932

incident photon energy is ~ω = 0.8 eV, we can set Pn,0 = 50% and therefore, from eq. (38)933

we can estimate a responsivity of the experimental setup η = s/εk = 5.8 µrad−1µm−3,934

which gives the spin density of Fig. 27 (e).935

It is important to notice that at T = 20 K the direct gap of Ge lies at Edg ≈ 0.86 eV936

so that for ~ω = 0.8 eV optical transitions are phonon mediated, only promoting spin-937

polarized electrons along the Λ direction of Ge. Since phonon-mediated optical transi-938

tions mostly preserve the spin polarization in the CB, at least for the case of Si (see939

Sec. 7.1.1), we can assume Pn,0 = 50% also in Ge, being this case only an upper limit for940

the electron spin polarization. A lower value of Pn,0 would decrease η and consequently941

increase the estimated electrically-induced spin accumulation.942

From the calibration procedure, we find s ≈ ±400 µm−3 for x ≈ ±40 µm when an943

electric field E = 4.7 mV/µm is applied [see Fig. 27 (e)]. This value is roughly two orders944

of magnitude larger than what measured in InGaAs [48] and comparable with GaAs945

[115], indicating a large spin accumulation in Ge bars.946

In Fig. 29 we report the electric field dependence of the detected signal. The spin947

profiles are shown in panel (a) as a function of E between 0.4 mV/µm and 7.3 mV/µm.948

The spin density at the edges of the Ge channel increases as a consequence of the increase949

of E. In Fig. 29 (b) we evaluate the spin density at x = 40 µm by a linear fitting of the950

detected experimental profiles, which linearly increase with E as expected from eq. (36).951

In Fig. 29 (b) the spin current density flowing at the center (x = 0) of the Ge stripe is952

also reported, as calcuated from eq. (31b).953

It is possible to estimate the transverse mobility µt = γµ and thus the spin-Hall angle954

γ as a function of the applied electric field. The results are reported in Fig. 30 (a). Since in955
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our case the spin-diffusion length cannot be experimentally evaluated, in the calculations956

we exploit the theoretical value `s = 31 µm. The average value of the spin-Hall angle957

is γ = (1.9± 0.2)× 10−4, a value which nicely agrees with the one obtained at room958

temperature from spin-to-charge conversion measurements for thermalized electrons (see959

Sec. 7.3).960

We have also investigated the temperature dependence of γ. In Fig. 30 (b) we report961

the measured spin accumulation at the edge of the scanned region, normalized to the962

applied electric field, as a function of the temperature. The spin density at x = 40 µm963

decreases as the temperature increases, following the temperature dependence of `s. We964

interpret the results within the same model presented before, which suggests a small965

temperature dependence of the spin-Hall angle.966

7.5. SCI in Bi thin films grown on Ge(111). – It has been demonstrated that a large967

Rashba effect occurs when a single layer of Bi is deposited on the top of a clean Ge(111)968

surface [158, 159]. In this frame, it appears particularly interesting to study the spin969

transport in the Bi/Ge(111) as a function of the Bi thickness in the ultrathin film limit,970

with Bi film thicknesses lower than 10 nm. In the following, we report on the thickness-971

dependent structural and electronic properties of Bi films and we present the results of972

SCI measurements. To investigate spin-charge conversion, we transfer spins to the Bi973

layer, either by means of optical orientation in the Ge substrate, or from ferromagnetic-974

resonance-driven (FMR) spin injection from an Al/Co/Al stack grown on the top of the975

Bi film. Moreover, charge-spin conversion measurements are performed by exploiting976

L-MOKE.977
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Figure 29.: (a) Kerr ellipticity profiles obtained for an applied electric field of 0.4 mV/µm (violet
circles), 2.7 mV/µm (red circles), 4.7 mV/µm (green circles), and 7.3 mV/µm (blue
circles). The error bars account for the standard deviation resulting from maps
averaging over the y axis. (b) Spin density at the edge of the measured region
and spin current density at the center (along x) of the Ge stripe. The data are
extrapolated from a linear fitting of the profiles like the ones shown in panel (a).
The colored arrows mark the data corresponding to the profiles shown in (a). Panel
(b) is reproduced from Ref. [116].
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7.5.1. Structural and electronic properties. The growth of thin Bi films on Ge(111)978

has been studied by means of scanning tunneling microscopy (STM), low-energy elec-979

tron diffraction (LEED), reflection high-energy electron diffraction (RHEED), and X-ray980

diffraction. The results are discussed in details in Ref. [118]. The investigated samples981

have been grown in situ with molecular beam epitaxy, in UHV at room temperature.982

First, we grow a thin (1 ML-thick) Bi wetting layer on the top of Ge(111), which gives983

origin to the Bi/Ge(
√

3×
√

3 )R 30◦ reconstruction, following a standard procedure in the984

literature [159, 158, 160]. Then, we deposit a variable Bi thickness tBi.985

The results of the STM analysis are reported in Fig. 31. For tBi < 3.5 nm the Bi986

atoms cluster in nanoislands [Fig. 31 (a)], of which the top facet shows the pseudocubic987

(PC) (110) phase [Fig. 32 (a,b)]. The lateral dimension aBi of the islands is of the order988

of tens of nanometers, as shown in Fig. 32 (d), increasing with the Bi thickness. Due to989

the presence of islands, the nominal thickness tBi of the film differs from the effective990

thickness h of the Bi nanocrystals [Fig. 32 (e)]. At tBi ≈ 4 nm the islands percolate,991

forming an almost continuous 2D layer [Fig. 31 (b)]. Also in this case the top facet still992

shows the PC phase. However, between 4 nm and 5 nm we observe the coexistence of the993

PC and the hexagonal (HEX) (111) phase. Finally, for tBi > 5 nm the film undergoes to994

a structural change, since onlythe single crystalline HEX phase is observed [see Fig. 31 (c)995

and Fig. 32 (c)].996

The investigation of the electronic properties of the system has been performed by997

means of spin- and angle-resolved photoemission spectroscopy (S-ARPES) on in situ998

grown samples. The measurements have been performed at the APE beamline of the999

Elettra synchrotron facility, with p-polarized synchrotron radiation at ~ω = 50 eV, and1000

an hemispherical electron momentum and energy analyzer (Scienta DA30). During the1001
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Figure 31.: Scanning tunneling microscopy images of Bi/Ge(111) at Bi thicknesses tBi of (a)
1.4 nm, (b) 3.8 nm, and (c) 8 nm, tBi. tBi is measured from the Bi/Ge wetting layer.
Figure reproduced from Ref. [118].

measurements the sample was kept at T = 77 K. The experimental results are reported1002

in Fig. 33 as a function of the Bi thickness. In the 3D-PC regime we observe states with1003

a hole character, crossing the Fermi level around the Γ point [Fig. 33 (a-c)]. Notably,1004

similar states have already been observed by Bian et al. [163] in the 2 nm-thick Bi/Si(111)1005

heterostructure. In analogy with their observations, we conclude that these are surface1006

states with a spatial extension of only 2 Bi bilayers (BL, being 1 BL = 3.28 Å). In this1007
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Figure 32.: (a) Bulk Bi unit cell, with the (110) pseudocubic (green) and (111) hexagonal (yel-
low) surfaces reported below. (b,c) 3× 3 nm2 STM images of Bi(110) and Bi(111)
surfaces, taken at tBi = 2.6 nm and tBi = 8 nm, respectively. (d) Square root of the
mean surface of the Bi islands in the 3D-PC regime as a function of the islands thick-
ness h. (e) Fraction of the islands with a defined thickness h in the 3D-PC regime.
The analysis has been carried out for tBi = 0.3 nm (black rectangles), tBi = 1 nm
(red rectangles), and tBi = 1.5 nm (blue rectangles).
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regime we do not clearly observe other surface or bulk states close to EF. For tBi = 5 nm1008
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Figure 33.: (a-e) Angle-resolved photoemission spectroscopy measurements along the
K − Γ−M direction of the Ge(111) surface Brillouin zone (SBZ), shown in the
inset of panel (a), for tBi = 1, 2, 3, 5 and 9 nm. (f) Sketch of the Bi(110) Fermi
surface (from Ref. [161]). Γ′ = Γ, M ′, X1, and X

′
2 are the high symmetry points

of the Bi(110) SBZ. (g) Experimental 2D Fermi surface for tBi = 5 nm, reproduced
with the superposition of the sketch in (f), accounting for all the possible equivalent
directions. (h) 2D Fermi surface for tBi = 9 nm, showing the typical sixfold symme-
try associated with the single-crystalline HEX phase [162]. Orange and blue lines
in (d,f,g) corresponds to electron and hole states, respectively. Figure reproduced
from Ref. [118].
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[Fig. 33 (d,g)] the band structure still shows states crossing the Fermi level around Γ, but1009

we clearly detect other states crossing the Fermi level at |k| ≈ 0.7 Å−1 along both the1010

Γ−K and Γ−M directions. In this case, it is worth comparing the experimental results1011

with the expected Fermi contour for the (110) facet of the bulk Bi, reported in Fig. 33 (f).1012

Twofold PC Bi can grow on six equivalent orientation on the sixfold (111) surface of Ge,1013

as already observed by Hatta et al. [164] with LEED analysis. Therefore, the multiplicity1014

of the configurations explains also the analogies between the ARPES data acquired along1015

the Γ−K and Γ−M directions. Thus, the states crossing EF for |k| > 0.8 Å−1 [blue1016

dotted line in Fig. 33 (d)] are given by the ring states around the M ′ point of Bi(110)1017

SBZ [Fig. 33 (f)]. The states, symmetric with respect to |k| ≈ 0.7 Å−1 [orange dotted1018

line in Fig. 33 (d)], are marked by orange circles along the X ′1−M
′ direction [Fig. 33 (f)]1019

of other two equivalent Bi cells. In Fig. 33 (e,h) the band structure along the Γ−K and1020

Γ−M directions of the Ge(111) SBZ is reported together with the Fermi surface, for1021

tBi = 9 nm. In this regime we detect only the crystalline HEX phase of Bi in registry1022

with the Ge(111) substrate.1023

Under the same conditions, we probe the in-plane components of the spin polarization1024

by means of a very-low-energy electron diffraction (V-LEED) detector [165, 166]. The1025

results of the S-ARPES measurements are reported in Fig. 34. In panels (a-d) we measure1026

the spin polarization of the surface states observed with ARPES around the Γ point1027

for tBi = 2.5 nm. The latters clearly show a net spin polarization at the Fermi level1028

which reaches up to 40%. The direction of the spin polarization is fully determined by1029

the direction of the momentum, i.e., suggesting the presence of spin-momentum locking1030

(SML), with a counterclockwise helical spin texture. It is interesting to notice that1031

also the states from M
′ are spin polarized with Pn ≈ 33% (Fig. 34 (e-g)). However, at1032

variance with the states around Γ, their spin texture is clockwise, as already indicated1033

in Ref. [167].1034

7.5.2. SCI measurements. Charge-to-spin conversion measurements have been per-1035

formed by applying a voltage difference to a a macroscopic Bi/Ge(111) 1.5× 5 mm2
1036

stripe of constant Bi thickness tBi. The conversion of the charge current into a spin1037

current and, consequently, the generation of an electrically-induced spin accumulation1038

is generated via REE (see Sec. 2.2). Since the measurements have been performed in1039

air and at room temperature, the samples are capped with a ZrO2(10 nm)/MgO(5 nm)1040

bilayer to prevent the oxidation of the Bi layer and the oxide bilayer is optically inac-1041

tive in the explored wavelength range. We perform L-MOKE to probe the in-plane spin1042

accumulation by means of the experimental setup reported in Fig. 13 (b). In this case,1043

the incoming s-polarized light beam (λ = 691 nm) is focused on the sample with a polar1044

angle ϑ = 45◦, and the signal proportional to the Kerr ellipticity εk is recorded by means1045

of a photodiode. The resulting εk is reported in Fig. 35 as a function of the Bi thickness.1046

It is straightforward to see that a large Kerr signal is detected up to tBi = 3 nm (orange1047

band in Fig. 35), whereas the signal rapidly decreases as the thickness is increased.1048

We also investigate the spin-charge conversion given by IREE in Bi. In this case,1049

spins are generated either by exploiting the optical orientation in Ge (as previously1050

discussed for Pt/semiconductors in Sec. 7.1), or with FMR-driven spin injection. Once1051

again, the Bi film has been coated with a ZrO2(10 nm)/MgO(5 nm) bilayer, while an1052

Al(5 nm)/Co(10 nm)/Al(5 nm) stack was grown on the top of the Bi film in order to1053

perform FMR spin injection. For optical orientation we exploit a 740 nm laser source and1054

we measure the photoinduced IREE by acquiring the voltage between two ohmic contacts1055
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deposited on the top of Bi. The charge current I is obtained from the ratio between the1056

measured voltage difference ∆V under open circuit conditions and the electrical resistance1057

R of the conductive path, estimated in a four-probe configuration. The experimental1058

results, normalized to the photon flux Φph, are reported in Fig. 36 (a). It is worth1059

mentioning that the trend of this spin-charge conversion is similar to the one shown in1060

Fig. 35.1061

In the case of FMR driven spin injection, a transverse radio frequency fieldHrf triggers1062

the FMR of the Co layer, and thus the spin pumping into Bi. In Fig. 36 (b) we report the1063
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Figure 34.: (a-d) Spin-resolved ARPES around the Γ point for tBi = 2.5 nm. The percentage
values correspond to the net spin polarization at the Fermi level. (e) Band structure
along the Γ − K direction, for tBi = 5 nm, as shown in Fig. 33 (d). The red solid
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panel (e). Figure reproduced from Ref. [118].
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Figure 35.: Kerr ellipticity εk as a function of the Bi thickness tBi, induced by the Rashba-
Edelstein effect in the Bi film. Each data point represents the mean value of ten
acquisitions with an integration time of 500 s, while the error bars accounts for the
fluctuations of the signal, showing twice the standard deviation of the measurements.
Figure reproduced from Ref. [118].

charge current I = ∆V/R, normalized to the excitation signal, i.e., the radiofrequency1064

power, proportional to Hrf
2. The experimental results of Fig. 36 (a) and 36 (b) clearly1065

show the same qualitative behavior: a large signal is measured for a small Bi thickness,1066

whereas the signal completely disappears within the experimental error for tBi > 4 nm.1067

Notably, at T = 30 K the FMR-driven IREE signal is roughly one order of magnitude1068

larger compared to what obtained at room temperature.1069

7.5.3.Discussion. S-ARPES experimental results indicate the presence of spin-polarized1070

surface states at the Fermi level, where SCI can occur, thanks to SML. However, from1071

simple symmetry arguments it is possible to argue that the chirality of the SML should1072

be opposite at the top and bottom surface of the Bi layer. This results from the inversion1073

of the direction of the spin-polarization without inversion of the momentum upon mirror1074

symmetry, as pictorially sketched in Fig. 37. Evidently, an opposite chirality of SML in1075

the surface states yields opposite SCI contributions. As a consequence, when both the1076

Bi interfaces are involved in SCI, the overall signal cancels out. Therefore, to preserve a1077

net SCI signal, the two surfaces should be disentangled.1078

STM analysis suggests that the SCI signal is present in the Bi thickness range corre-1079

sponding to the presence of Bi nanoislands, whereas it decreases as the clusters start to1080

percolate. Since the lateral size aBi of Bi nanocrystals [Fig. 32 (d)] is comparable with1081

the Fermi wavelength λF in Bi (between 40 and 70 nm [168, 169]), while the height of1082

the nanocrystals is much smaller than aBi, quantum confinement can play a fundamental1083

role in the transport properties of the system. The appearance of quantum size effects1084

(QSE) in Bi is further favored by the small electron effective mass, between 10−3 m0 and1085

0.26 m0, depending on the crystalline orientation [170]. Indeed, the presence of QSE in1086

Bi has been already reported in the literature [162, 171]. Moreover, Bi is a semimetal,1087

the lowest electron band being at the L point, and the highest hole band at the T point.1088

The gap between the states at the L point is EgL = 15 meV, while Eig = −38 meV is1089

the indirect band overlap between the states at L and T points [172, 162], as shown in1090
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Figure 36.: (a) Optically-induced IREE signal, normalized to the photon flux Φph, for
Bi/Ge(111) as a function of the Bi thickness. I is the charge current obtained
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of the conductive path. (b) FMR-driven IREE signal, normalized to the radio fre-
quency power, at T = 30 K (blue upwards triangles) and T = 300 K (red downwards
triangles). Figure reproduced from Ref. [118].

Fig. 38 (a). The QSE can separate the discrete energy levels enough to open a bandgap E′g1091

in Bi nanocrystals [172],thus inducing a semimetal-to-semiconductor transition (SMSC).1092

The bandgap opening can be interpreted within the model of Ref. [172], which predicts1093

a SMSC transition (i.e., E′g≥ 0) for aBi ≤ 50 nm, [see Fig. 38 (b)]. Thus, nanocrystals of1094

lateral size aBi ≤ 50 nm and thicker than 4 BL (the latter condition meaning that oppo-1095

site surface states do not overlap each other [163]) are expected to be semiconducting.1096

The fraction δ of the surface which fulfill these conditions is reported in Fig. 39, as1097

extrapolated from the STM analysis. For tBi < 0.9 nm, most of the nanocrystals are less1098

than 4 BL-thick, while for tBi > 3 nm only a small fraction of the nanocrystals is small1099

enough to give the SMSC transition. The thickness range between 0.9 and 3 nm is the1100

one where most of the nanocrystals can show a bulk gap. Evidently, the direct contact1101

between Bi and Ge on one side and on MgO or Al on the other side could however affect1102

the electronic properties of the Bi layer, e.g., the band structure, confining potentials,1103

and effective masses. Thus, the calculated E′g is an upper bound estimation, while,1104

more realistically, the QSE triggers a decrease of the density of states at the Fermi level,1105

producing an increase of the bulk resistance for the nanocrystals which fulfill the criteria1106

for E′g > 0.1107

Therefore, in our experiments, for (0.9 nm < tBi < 3 nm) SCI mainly occurs at the1108

interface where the spin is injected (Bi/Ge for optical orientation and Bi/Al for FMR-1109

driven spin injection), thus providing a net SCI signal. This thickness range is re-1110

ported as an orange band in Figs. 35 (b) and 36. Indeed a large Kerr signal, pro-1111

portional to the electrically-induced spin density at the Bi/Ge interface, is detected for1112

0.9 nm < tBi < 3 nm, since the presence of nanoislands with a high bulk resistance pre-1113

vents most of the applied current from flowing at at the top Bi surface (Fig. 35). Thus,1114

REE at the Bi/Ge interface generates an in-plane spin accumulation with a spin polariza-1115

tion perpendicular to the current density vector. For tBi > 3 nm, nanocrystals start per-1116

colating and exhibit lateral sizes larger than λF. This diminishes quantum confinement,1117

allowing the spin-polarized electrons to diffuse in the entire film thickness. Since h < `s,1118
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Figure 37.: Sketch of the chirality of the states with spin-momentum locking at the Bi surfaces.

spin-to-charge conversions at opposite interfaces compensate each other, drastically re-1119

ducing the overall signal. Similarly, for charge-to-spin conversion, when nanocrystals1120

become gradually conducting in the bulk, the electrical current flows at both interfaces,1121

causing opposite spin accumulations, which tend to cancel each other, decreasing the1122

Kerr signal. We can model the effect of quantum confinement within a simple picture,1123

in which a variable bulk resistance RB electrically connects the top and bottom metallic1124

surface states of resistance RS. When confinement leads to RB � RS, the surface states1125

are electrically disentangled (0.9 nm < tBi < 3 nm), while for tBi > 3 nm, RB ≈ RS and1126

the charge currents in the top and bottom surface states are shunted through the bulk,1127

reducing and then cancelling SCI signals. It is also worth to remind that from tBi = 3 nm,1128

M
′ surface states at EF develop at the surface of Bi nanocrystals and of films as shown1129

in Fig. 33. They exhibit a hole character and a spin chirality opposite to the one of Γ1130

states (Fig. 34) and thus contribute to the decrease of conversion signals.1131

From the spin-to-charge measurements, we can give an estimation of the 2D-SCI1132
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Figure 38.: Hole (blue) and electron (red) pockets at the L and T point of bulk Bi without
(a), and with (b) the effect of quantum confinement. Without confinement an in-
direct overlap Eig = −38 meV is present between the states at L and T , whereas
EgL = 15 meV is the bandgap at L. In presence of quantum confinement an indi-
rect bandgap Eig can be opened.
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Figure 40.: Rashba-Edelstein length estimated from optical (a) and FMR driven (b) spin injec-
tion. Figure reproduced from Ref. [118].

efficiency, i.e., the Rashba-Edelstein length λRE [eq. (6)]. By assuming that the fraction1133

of the sample which is active for SCI is the sample surface δ covered with semiconducting1134

nanocrystals, as shown in Fig. 39, we can evaluate the spin current density injected into1135

the Bi surface by means of the Spicer-like model [eq. (23)] and estimate λRE, as shown in1136

Fig. 40. We obtain a maximum value of λRE ≈ 50 pm for both optical spin orientation1137

and spin pumping for tBi ≈ 3 nm. The calculation suggests that the SCI efficiency is1138

comparable at the Bi/Ge and Bi/Al interfaces. It is important to note that the calculation1139

of λRE is performed under the assumption that the bulk resistance of the nanocrystals is1140

large enough to completely avoid the coupling between interfaces, so that λRE = 50 pm1141

represents a lower bound estimation of the SCI efficiency. The value is comparable with1142

the ones obtained when the Bi is grown on different materials, such as Ag (1− 300 pm)1143

[49, 173, 174], Cu (9 pm) [175], or with the case of the Ag/Sb Rashba interface (30 pm)1144

[173]. From eq. (6) the Rashba-Edelstein length can be expressed as λRE = αRτm/~1145

where αR is the Rashba coefficient and τm is the momentum relaxation time in the1146

interface states. Exploiting the results from Ref. [176], we estimate αR ≈ 1.5 eV ·Å at1147

the Bi(110) surface. This produces τm ≈ 0.2 fs, which is of the same order of magnitude1148

of what obtained in other Rashba systems [49, 177, 175].1149
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8. – Summary1150

In this paper, we have reviewed the main experimental results concerning the spin-1151

charge interconversion phenomena in group-IV semiconductors, with particular attention1152

to germanium. It has been demonstrated that Ge is a suitable platfrom to implement1153

non-local architectures, where spin is optically injected and electrically detected, without1154

the use of any ferromagnet. In this respect, spin diffusion lengths in low-n-doped Ge at1155

room temperature of about 10 µm have been measured, a value much larger than the1156

common sizes of the electronic devices. Moreover, Ge provides for interesting spin-charge1157

interconversion properties, which can be exploited both in the bulk of the material and1158

at the surface, where spin-polarized surface states can be detected if thin Bi films are1159

deposited on top of Ge. Therefore, all these features make Ge a natural candidate as a1160

hosting material for the design and the engineering of spin-based devices.1161
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