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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.

1. — Introduction

Spintronics, or spin-electronics, is the branch of solid-state physics which studies
spin generation, transport and manipulation in solid-state environments [1]. Since the
discovery of the giant magnetoresistence (GMR) [2, 3], spin-based devices have attracted
a growing interest thanks to their industrial applications. In particular, sensors based
on the GMR or tunneling magnetoresistence (TMR) [4, 5, 6] have been implemented in
data storage.

More recently, spintronic devices based on the spin transfer torque (STT) [7, 8] have
been developed. At variance from GMR, where the control of the charge flow is performed
by the magnetization of ferromagnets (FM), the STT relies on the torque, exerted by
the flow of a spin current, acting on the magnetization of a FM [9, 10].

(*) e-mail: federico.bottegoni@polimi.it
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Typical structures for STT are composed of two FM layers with different magneti-
zation directions separated by a thin non-magnetic metal layer. If a charge current is
applied, the first FM acts as a spin polarizer, generating a spin current which is then
injected in the second FM layer, where the spin-torque is exerted [10]. However, al-
ternative approaches for the generation of spin currents are possible and, in particular,
the conversion of a charge current into a spin current by means of spin-orbit coupling
[11, 12, 13] is one of the most exploited. The effects which allow for the transformation
of a charge current into a spin current, or viceversa, are generically named spin-charge
interconversion (SCI) phenomena. In this frame, the torque exerted on ferromagnets
by spin currents generated via the SCI is named spin-orbit torque (SOT) [14, 15]. This
alternative route holds the promise of requiring less charge current density compared to
STT [16].

In this sense, SCI phenomena have attracted the attention of the scientific commu-
nity also because they represent a viable tool to detect spin currents by measuring the
converted charge current [17]. Indeed, the ability of detecting spins is mandatory for
the development of spin-based devices, and this is possible through SCI without the
exploitation of ferromagnets.

Although spin-based devices have already been engineered in ferromagnetic-based
platforms, the exploitation of semiconductors in market spintronics is still in an em-
bryonic phase. In fact, a long-range magnetic order is the ultimate ingredient for the
observation of GMR or TMR, while ordinary semiconductors are non-magnetic, due to
the absence of spin-resolved bands at the Fermi level. In this respect, dilute magnetic
semiconductors, 7.e. semiconductors doped with magnetic impurities [18, 19, 20], could
represent a possible solution. However, their application is still limited due to the small
solubility of magnetic ions [21] and Curie temperatures well below room temperature
[22].

Nevertheless, well-established techniques to generate out-of-equilibrium spin popula-
tions in semiconductors are available, either electrically [23, 24], optically [25, 26, 27], or
mechanically [28, 29]. Therefore, semiconductors appear as the natural host materials for
a ready integration of spintronic and electronic devices. In this frame, great advantages
in terms of speed of data processing and power consumption are expected: in fact, as op-
posite to a charge current, a pure spin current is not associated with any charge flux [30].
Therefore, by associating information to the spin degree of freedom of electrons, it could
be possible in principle to drastically reduce both the power consumption generated by
Joule heating and the capacitive effects which limits the speed of electronic devices.

Moreover, in semiconductors spin is preserved for longer time scales compared to
metals [31, 32, 33], and interface effects can give rise to a large spin-orbit coupling,
which can be eventually used for spin manipulation [34, 17]. These premises led to the
theoretical proposal, dated 1990, of a spin-based field-effect transistor [35, 36]. However,
up to now, the experimental implementations of this concept are still not satisfactory
[3, 37], despite the ongoing efforts [38, 39] and the proposed different approaches for a
spintronic transistor [40, 41].

In this context germanium appears as a convenient platform for the implementation
of spintronic devices, since the spin-orbit coupling is small enough to result in long spin-
diffusion lengths [32, 33] but large enough to allow for an efficient optical spin injection
[27]. Ge can also be exploited as a substrate for the growth of high-quality thin single-
crystal heavy metal films [34]. Moreover, the Ge direct gap is tuned at the most widely
exploited telecommunication window [42], and the 4% of lattice mismatch between Ge
and Si allows for the integration of the materials in SiGe heterostructures [43, 44], which
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can also be exploited in strain engineered microstructures [45].

The present paper is organized as follows: in Section 2 we introduce the fundamen-
tal concepts about spin-charge interconversion phenomena; Section 3 is devoted to the
optical spin injection; in Section 4 the most relevant spin relaxation mechanisms are re-
viewed whereas in Section 5 and 6 the employed experimental techniques for spin-charge
and charge-spin conversion are presented, respectively. Finally Section 7 reports on the
experimental results obtained about the spin-related properties in semiconductors, with
particular emphasys on Ge and Ge-based junctions.

2. — Spin-charge interconversion phenomena

The term spin-charge interconversion (SCI) encompasses for all the phenomena which
convert a spin current into a charge current, or viceversa. In solids, these effects are
driven by spin-orbit interaction (SOI), which affects the material transport properties
depending on the spin-polarization state of the carriers.

The possibility of generating a spin accumulation from a charge current was first
revealed by Dyakonov and Perel [11, 12] and then by Hirsch [46] and Zhang [47]. The
phenomenon was named spin Hall effect (SHE), in analogy with the well known Hall
effect, and was experimentally demonstrated in ITI-V semiconductors at low temperature
by Kato et al. in 2004 [48]. The spin-charge conversion, performed via SHE, usually takes
place in the bulk of materials, therefore we can consider it as a three-dimensional (3D-
SCI) phenomenon.

Conversely, a pure two-dimensional SCI mechanism (2D-SCI) was first theoretically
predicted by Edelstein in 1990 [13] [hence named Edelstein effect (EE) or Rashba-
Edelstein effect (REE)], and then experimentally demonstrated by Rojas-Sanchez et
al. in 2013 [49]. Although the macroscopic behavior is similar to SHE, the presence
of spin-polarized surface/interface states is mandatory for this spin-charge conversion
mechanism.

2'1. 8D spin-charge interconversion. — When a charge current density j is flowing in
a material with SOI, the SHE generates a pure spin current density j,. The latter is
perpendicular to both j and the direction of the spin polarization of the carriers ugs. The
phenomenological relation describing SHE is [50]:

(1) js = FYj X usa

being v the spin-Hall angle, representing the efficiency of SCI. Frequently, the v pa-
rameter is expressed as the ratio between a spin-Hall conductivity osy = v 0. and the
electrical conductivity oe.

The time reversal of the SHE is the inverse spin Hall effect (ISHE). In this case, the
flow of a spin current density generates a charge current density:

(2) j = rYjs X uS'

It is worth mentioning that ISHE can be exploited to detect spin currents [51]: in materi-
als where SOI, and hence the spin-Hall angle ~, is large, ISHE can efficiently convert the
spin current into a detectable charge current. When not dealing with materials where ~
is large enough for an efficient detection, it is possible to transfer the spin population to
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4 F. BOTTEGONI ETC.

a second material with a relevant SOI, where efficient SCI might occur. In this case, this
high-SOI material acts as a spin detector.

Microscopically, three different mechanisms can give rise to SCI. The first one is named
skew scattering [50] and is associated with scattering centers, represented for instance by
doping impurities. In this case, the propagation direction of a carrier after the scattering
event is sensitive to its spin-polarization state, especially if the scattering center possesses
a large atomic number and is therefore endowed by a large SOI. In atomic physics, when a
high-energy incident electron beam is scattered by a high-Z nucleus, the same mechanism
is known as Mott scattering [50].

The side jump mechanism is a lateral displacement of the carrier, depending on its
spin state, during the scattering event [50]. Its origin is related to the local distortion of
the incoming carrier wavefunction given by the impurity [52, 53, 54, 50]. Due to their
link with collisions, skew scattering and side jump are defined as extrinsic mechanisms.

Spin-polarized carriers can also undergo intrinsic SCI. The latter originates from the
geometrical phase, referred to as Berry phase, acquired by the wavefunction due to the
introduction of relativistic effects in the bandstructure [55, 56], which become relevant
in systems with large SOI [57].

2°2. 2D spin-charge interconversion. — (R)EE arises in the presence of spin-polarized
surface or interface states. In particular, the removal of the spin degeneracy of the
electronic states can originate from the structural inversion asymmetry (SIA), resulting in
the Bychkov-Rashba effect [58], as shown in Fig. la. Spin-splitting can be also generated
by the nontrivial topology of the system under investigation: this is the case of topological
insulators [59] (TI), which show spin-split surface states with linear dispersion, crossing
the Fermi level of the system (see Fig. 1c). Both in Rashba-split and topologically
protected states, electron momentum and spin are locked in the reciprocal space and
perpendicular to each other, as indicated in Fig. 1b-d. This is the key ingredient leading
to SCI. Considering, for instance, the case of topological surface states and referring to
Fig. 2, if an electric field E = Fuy is applied, a 2D charge current flows along the z-axis
of the sample, which can be written in the frame of the Boltzmann transport equation
as

2
. _ 4 Tmkrpup
3) I= 472 h ’

where ¢ is the elementary charge, ,, kr and vp are the momentum scattering time,
the Fermi wave-vector and velocity, respectively. Within a semiclassical approach, the
unbalance in the occupation of the electronic states, produced by the charge current
density of Eq. 3, results in a spin unbalance, which can be related to a spin current
density [60]:

2
. q" kp
(4) Js = _471'2 h Uy.

Comparing egs. (4) and (3) we can extract the parameter Ag which, similarly to + for
SHE, evaluates the efficiency of the 2D-SCI:

(5) )\E:izq—va.
Js
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It is worth noticing that Ag has the dimension of a length, hence the name FEdelstein
length. This is originated from the fact that js is a volume current density, while j is a
surface current density, since it flows in the 2D states of the TI.

Conversely, if a spin current is injected in the TI states, by the definition of spin
current, this means that spin-down electrons are injected into one of the two branches
whereas opposite spins are extracted from the other one. Since it is possible to inject and
extract spin-polarized carriers only in points of the reciprocal space with a well defined
momentum, the injection of the spin current gives origin to a momentum unbalance, and
consequently, a charge current. This is the principle of the inverse Edelstein effect (IEE).

The derivation for a Rashba gas is analogous [61]. Commonly, the 2D-SCI taking
place in the surface states of a TI is named Fdelstein effect, whereas the one concerning
Rashba gases is called Rashba-FEdelstein effect. In the latter case, the Rashba-Edelstein
length is sligthly different [60]:

QR Tm
(6) Are = =3

where the Rashba parameter ar has been introduced.

It is worth noticing that in 2D electron gas, the spin-orbit interaction due to impurities
may give origin to additional SCI terms, which cannot be easily disentangled from those
related to the STA due to the cooperative effects of the different spin-orbit mechanisms
[62, 63].

(a) (b)

x>

k -

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 Injection

Much interest has been devoted in the past decades to dilute magnetic semiconductors,
i. e. semiconductors doped with magnetic impurities [18, 19, 20], to induce a net spin
polarization inside the material at equilibrium. However the small solubility of magnetic
ions [21] and Curie temperatures below 200 K [22] still limit the applicability of this
technology.

Conversely, to obtain a spin polarization in non-magnetic semiconductors it is neces-
sary to bring the system out of equilibrium. This can be achieved by exploiting different
techniques, relying on the transfer of angular momentum to the semiconductor. Different
ways of injecting angular momentum have been explored in the literature: mechanically
[28, 29], electrically [24] or optically [25, 26, 27]. Optical spin injection, also called optical
orientation, is a powerful tool to obtain spin-polarized densities in the conduction band
(CB) of semiconductors. First investigated by Lampel [25] in Si and later by Parsons [64],
Safarov [65] and Meier [26] in III-V materials, optical orientation relies on the transfer
of angular momentum from impinging photons to the photoexcited electrons.

3'1. Optical transitions at the I' point. — Optical orientation allows generating a pop-
ulation of spin-polarized photoelectrons in the CB of a semiconductor, when the semi-
conductor is illuminated with circularly-polarized (CP) light.

In Ge, the optical gap for direct transitions is at the I'" point of the Brilluoin zone
(see Fig. 3a). The electronic states at I' can be expressed as a linear combination of
atomic orbitals through the Clebsch-Gordan coefficients [66], by exploiting the spherical
harmonics Y;""". The results are reported in Tab. I. Although spherical harmonics
describe only the angular part of the wavefunction, modifications induced by SOI on
the radial part can be usually neglected. As a consequence, we can consider the same
radial dependence for heavy holes (HH), light holes (LH), and split-off (SO) states in the
valence band (VB) [27].

To investigate the optical orientation process, we calculate the rate of transitions from
the initial state |p;) to the final state |p¢) due to an external perturbation by means of

AE AE

(a) (b)

k

>
=

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 Ak 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,m;) Spherical harmonics expansion

[1/2,1/2) YOI

OB, S an

N ) WYL +iy/2BYP 1)
[3/2, —1/2) i/ YTH ) i/ YY)
|3/2,3/2) —iY} [1)

M 1 s ) —YT )

so e iYL ) —i/2BY
|L/2, —1/2) —i/1BYY 1) +iy/2/s Y7 1)

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

the Fermi golden rule. When the perturbation is a monochromatic wave at a frequency w
with amplitude Ey, within the electric dipole approximation the Fermi golden rule gives
the following expression for the transition rate Wit between the initial and final state
[67]:

21 [ qEo \* )
Wi = — Mi(k) §(E; — E
(7) it = <m0w> (k) 6(E; — Ep + hw),

being Mis(k) = |e - (p¢|Dlpi) |, with p = —iAV the momentum operator, e unit vector of
the polarization of the electric field, and the Dirac delta ensuring energy conservation,
with Ef and Ej being the energy of the initial and the final state, respectively. Left-
(right-) handed CP light ot (=) carries angular momentum =1, in units of A, directed
along the direction of the propagation [68]. In this case, angular momentum conservation
implies that only the optical transitions with Am; = £1 are allowed. The direct optical
transitions for o+ (~)-polarized light are obtained from Tab. I and are reported in Fig. 3b.
Thus, o~ light (blue arrows in Fig. 3b) promotes only electrons to spin-up states in CB
from the HH band, and to spin-down states from LH and SO bands. The opposite
stands for o™ polarization (red arrows in Fig. 3). The principle of optical orientation
lies on the fact that transitions from HH to CB have an intensity three times larger than
transitions from LH to CB, whereas transitions from SO to CB have an intensity twice
as large as transitions from LH to CB, as schematically shown in Fig. 3 [26]. In this
case, when the photon energy is tuned at the direct gap (hw = Eqg), only HH and LH
states are involved in optical transitions and a photogenerated carrier spin-polarization
at the generation time P, o = 50% can be reached in the CB of Ge, with unit vector ug
parallel to the direction of the wavevector of the light in the semiconductor. When the
photon energy is iw = Eqg + Ao, the transitions from the SO band become allowed and
the spin-polarization decreases to 0%.

In bulk III-V semiconductors, such as GaAs (E; = 1.42 eV at room temperature), the
electronic states at the I' point of the Brillouin zone can be still expressed with the same
linear combinations of spherical harmonics, presented in Tab. I. Therefore, the optical
orientation process is analogous to the one discussed for bulk Ge.

3'2. Out of I' transitions. — When the photon energy is larger than Eg, all the possible
transitions within the Brillouin zone have to be accounted. This implies the integration
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of the Fermi golden rule [eq. (7)] over the whole reciprocal space. Neglecting constants:
(8) Wit o / Mie(K)*6(E; — E; + hw) d°k.

A rigorous calculation of the electron spin polarization as a function of the incident
photon energy in bulk Ge has been performed by Rioux and Sipe within a 8 x 8 k- p
model [69]. The calculated spectrum of P, o is shown in Fig. 4 (orange line).

It is also possible to employ a rougher model in which M;¢(k) &~ M;¢(0). Within this
picture, the relative weights of the matrix elements from HH, LH and SO transitions out
of I' equal the ones calculated in the previous section at the I' point:

(9) Wit o< Mig(0)? / §(E; — Er + hw) d°k = M;g(0)” oy

oit is the joint density of states (JDOS) and within the effective mass approximation can
be expressed analytically as [70]:

1 /2me\*?
(10) Oif = o2 <h2 > Vhw — Eg,

being m} the reduced effective mass of the VB and CB states involved in the transition,
and Ey = B4, for (HH, LH) — CB and E; = E4z + A for SO — CB transitions. The
resulting P, o(fiw) is reported in Fig. 4 (blue line).

Optical spin injection can also be performed by means of indirect transitions: in fact,
it has been recently demonstrated both theoretically [71] and experimentally [72] that
phonon-mediated optical transitions can induce a net spin density at the Si indirect gap,
with a maximum spin polarization P =~ 5% if the incident photon energy is tuned to the
Si indirect gap (Eiz = 1.1 €V at room temperature).

Finally, note that we have so fare considered only the spin population generated by
the photoexcited electrons in the CB. In the optical orientation process, also holes are

b) m;=-1/2 m;=1/2

a) \7 j=1/2 cB
+ -
CB (0} o
k ‘ Edg

OPNO,

HH LH

) @
~ \ '
\ j=3/2 mj:_3/2HH/mj=_1/2LHmjzl/z\HHmj=3/2 k

sb V2= SO e

Figure 3.: a) Sketch of the Ge bandstructure around the I" 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 o)
at the I 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 x 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. 4'4
that holes do not actively contribute to spin transport, at least in unbiased samples.

4. — Spin lifetime in semiconductors

4'1. Elliot-Yafet spin relazation mechanism. — The Elliott-Yafet mechanism is the
most effective spin relaxation channel occurring in semiconductors with inversion sym-
metry, like Ge [74, 75] and it is related to the effective magnetic field acting on a particle
during a scattering event that involves impurity centers (for instance related to the semi-
conductor doping) or, similarly, an electron-phonon scattering due to the lattice potential
perturbation [50]. A detailed presentation of the mechanism can be found in Ref. [76]. In
particular, in multivalley semiconductors such as Ge, spin-polarized electrons diffusing
at the bottom of the conduction band are scattered between the CB equivalent minima
by phonons, strongly limiting electron spin lifetime to few nanoseconds [31, 77].

Here we exploit the approximation of Guite and Venkataraman [78], in which mo-
mentum 7y, and spin lifetime 75 are proportional to each other, and the proportionality
constant is given by key parameters of the bandstructure:

_ A B \?
11 rEY) T o (0 ) Tm L,
(11) (") Eag + Ao Eag

where F) is the electron kinetic energy. As an example, in Fig. 5(a) we plot the cal-
culated spin lifetime due to the Elliott-Yafet relaxation mechanism in Ge at room tem-
perature and the partial contributions related to scattering with impurities (rsf?i‘glp) and
phonons (TSE;;) as a function of the doping concentration Ngq. Scattering with phonons
(impurities) is the leading process dominating spin relaxation in low- (highly-) doped Ge.
In Fig. 5(b), the dependence of 7Y on the electron kinetic energy Fj is reported for
Ng=5x10" ecm™3. It is worth mentioning that the value of TEB{} that we estimate for
thermalized electrons nicely agrees with the predictions of the more refined k - p model

employed in Refs. [31, 77] (TS]?;){I ~ 5 ns).
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Figure 5.: Spin relaxation time as a function of (a) the doping concentration at Ex = 25 meV,
and (b) kinetic energy for N, = 5 x 10'” cm™. 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)
spin relaxation channel is active in case of electron-hole scattering [79]. In this case,
the exchange interaction can transfer the polarization of the electron to the hole, where
the spin quickly depolarizes, as detailed in the next section. Thus, the BAP mechanism
occurs when an equilibrium holes population is present, i.e., in p-doped semiconductors
[76, 50]. The related spin relaxation time is [76, 80]:

BAP\ 1 2 UF,h Ek
(12) (Ts ) = TBAP T
750
being vr ;, and E j, the Fermi velocity and energy for holes, respectively, IV, the number

of acceptors, vg and ap the Bohr velocity and radius, respectively. 754 p is given by the
following expression [80]:

(FBAP) L = 37 AEsg”

1 _
(13) 750 64h Ep

S

where AFEgR is the short-range exchange splitting of the exciton ground state and Eg
the exciton Bohr energy. In the case of Ge, we estimate ag =~ 6.4 nm, AFEgg ~ 58 peV
[81], Eg =~ 6.9 meV. Despite BAP scattering is the leading term for a thermalized
electron population in p-doped Ge, it rapidly becomes negligible compared to the other
scattering processes as the electron energy is increased even slightly, as one can appreciate
by comparing Fig. 6, in which we plot some indicative spin relaxation time for this
mechanism, and Fig. 5.

4'3. Dyakonov-Perel spin relaxation mechanism. — In semiconductors without inver-
sion symmetry, the spin degeneracy of the electronic states in CB is removed out of the I"
point of the Brillouin zone due to SOI [82, 83]. This can be interpreted as the effect of an
effective magnetic field B(p), depending on the electron momentum p, which provides
for the additional term in the Hamiltonian of the system [82]

(14) Hpp = hB(p) - S,
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Figure 6.: BAP relaxation time as a function of (a) the doping concentration at Fyx = 25 meV,
and (b) kinetic energy for N, = 5 x 107 cm™3.

where S represents the electron spin. Since B(p) has different orientation as a function
of time, due to the fact that the electron momentum p changes in time because of
momentum scattering, the rotation of the electron spin around the effective magnetic
field causes the spin relaxation. It can be demonstrated that 7, o< 7, where 75 and 7,
are the electron spin and momentum relaxation time, respectively [82].

4'4. Hole relaxzation. — A good description for the holes in the valence band is given
by the Luttinger Hamiltonian [84, 85]:

h2

(15) A, (71 +3/272) K = 7a2(k - 3)?],

- 2mo

being 71 2 the Luttinger parameters and J = (J,,J ) ») the matrices of the total angular
momentum. In the valence band, the effective magnetic field generated by SOI is much
larger than the one in the conduction band: therefore the Dyakonov-Perel spin relaxation
mechanism for holes is more efficient, leading to hole spin lifetime of the order of ~ 100 fs,
comparable to the momentum relaxation time. This is the reason why the contribution
from holes in the spin transport can be neglected.

Experimentally, Hilton and Tang have determined a value of ~ 110 fs for the spin
relaxation of HH in GaAs [86]. Conversely, for GaAs a spin lifetime of ~ 0.1 ns is expected
for thermalized electrons at room temperature [87]. Also in Ge, hole spin lifetimes of the
order of hundreds of fs have been reported in the literature [88], whereas the electron
spin lifetime can reach = 10 ns in low-doped Ge samples [32].

4'5. Spin relazation of 2D electrons. — In 2D systems, as a consequence of the Rashba
effect, STA generates an effective magnetic field, coupled to the spin magnetic dipole pug
and expressed as

QR A
16 Br = k x z).
(16) R= ( )

In this respect, it is worth mentioning that Rashba effective magnetic fields have been
observed in the literature by Meier et al. [89] in GaAs/InGaAs quantum wells.
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5. — Experimental techniques: spin-to-charge conversion

In spin-to-charge conversion measurements the electric signal generated by the con-
version of a spin current, via the ISHE or the I(R)EE, is detected. The spin current can
be injected electrically, i.e. by exploiting the spin pumping [90], or optically: in this pa-
per, we will focus our attention on optical spin injection (see Sec. 3). This procedure was
first employed by Ando et al. [91, 92] in 2010 in a Pt/GaAs junction. In what follows,
we first consider the experimental technique allowing for the generation of a detectable
population of spin-polarized electrons in semiconductors and then we explicitly study the
transport of spins in the illustrative case of an heavy metal (HM)/Ge junction.

5'1. Optical generation of spins. — The typical experimental apparatus for photoin-
duced spin-charge conversion measurements is sketched in Fig. 7 (a). The light source
consists of a supercontinuum laser, which emits a 4.5 W-intense collimated light beam,
in a broad wavelength range, between 400 nm and 2 pym. Alternatively, fiber-pigtailed
continuous wave laser diodes are employed. The monochromatized light beam passes
through a polarizer and a photoelastic modulator (PEM), which modulates the circular
polarization of the light at 50 kHz. The light is then focused on the sample by a lens or
an objective and the detected electric signal is demodulated by a lock-in amplifier at the
PEM frequency.

Hereafter, we consider an HM continuous film grown on the top of a semiconductor
substrate, in particular Ge, as shown in Fig. 7(b). In this case an high-SOI material
is in direct contact with the semiconductor, which is exploited as a spin generator by
means of the optical orientation technique, while the HM works as a spin detector. In
order to detect the charge current in the HM, generated by the SCI, two ohmic contacts
(typically Au/Ti) are deposited on the top of the HM layer, as shown in Fig. 7 (b). Based
on the reference frame of Fig. 7 (b), we can make some general consideration about the
geometry of the experiment: the ohmic contacts are sensitive only to a charge current
density directed along the y axis. The spin population is injected into the semiconductor
and then transferred to the HM, thus the spin current flows along the z axis. Based on
the phenomenological ISHE relation [eq. (2), the same holds for I(R)EE], only electrons

(a) (b)

Polarizer PEM
Laser Lens  Sample

g -

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) ¢ and ¢ 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, the
injection of an in-plane spin component is mandatory to detect a spin-related charge
current in the HM film.

The spin polarization of the photoexcited electrons Py, ¢ is parallel to the direction of
the light wavevector uy inside Ge (see Sec. 3). Thus, to obtain an in-plane projection of
the spin Py, it is convenient to illuminate the semiconductor at grazing incidence. This
is possible if the laser beam partially fills off-axis the lens, or the objective [Fig. 7 (a)].
Notably, the selectivity to Py j-polarized electrons generates an angular (¥ and ) depen-
dence of the spin-charge conversion signal which is a viable tool to confirm the spin-related
nature of the detected electric signal, as explained in the second paragraph of Sec. 5°2.

Unfortunately, the illumination of the sample at grazing incidence degrades the spatial
resolution of the exprimental setup. From the Rayleigh criterion [94], one can define the
spatial resolution of the optical system Ar as:

Ar ~ 12

T~ —

(17) -
being f the lens (or objective) focal length, A the photon wavelength and a the beam
aperture. To illuminate the sample at grazing incidence, the aperture diameter of the
lens is partially filled (out of axis), thus reducing a. Despite the strong dependence on
A and on the characteristic parameters of the objectives, typical sizes of the spotsize of
the focused beam are not smaller than some micrometer. Moreover, strong aberrations
are present in the case of high values of 9.

A viable route to overcome the above issue consists in a metal pattern on the top of
the semiconductor: it can be demonstrated that, under the edges of the metal, a sizable
in-plane component of the spin is generated, even at normal incidence. This possibility
has been first shown by Bottegoni et al. [95] in 2014. This happens both if the pattern
is realized on the top of a flat metal layer grown on a semiconducro [95], or directly on
the top of the semiconductor substrate [32]. Referring to the particular case of a metal
pattern on a Ge substrate [see Fig. 8 (a)], when the CP laser beam impinges on one edge
of the metallic pad, the component of the field which is perpendicular to the edge (E.)
induces an electric dipole in the metal, generating a near field in the semiconductor with
a component directed along z [Fig. 8 (a)]. The latter is coupled to the E, component of
the propagating CP wave. Since E. and E, have a phase shift of 7/2, an elliptically-
polarized electric field is produced in the yz plane. Upon absorption of this field in the
semiconductor, a spin-oriented electron population is generated in the CB of the Ge with
a spin polarization along the = axis. Moreover, the direction of E, is opposite at opposite
edges of the pad, thus the spin populations at correspondence with opposite edges of the
metal stripe are polarized in opposite directions.

This pictorial model has been rationalized with finite-difference time-domain (FDTD)
numerical simulations in Ref. [95]. In Fig. 8 (b), we report the results of the calculations
for a Pt stripe patterned on the top of a Pt/Ge system. The figure shows the Stokes
parameter ¢, = 2Jm(E, E,*), which accounts for the light ellipticity in the direction
perpendicular to the z axis [96], i.e., generating electrons with a polarization directed
along z. Opposite spin polarizations are obtained at the opposite edges of the Pt pad.
Notably, at variance with the grazing-incidence case, the spin population is strongly
localized (at the time of the generation) within a small region below the Pt edges. The
results of Fig. 8 (b) accounts for the incidence of a CP plane wave, but a similar situation
occurs in the case of a focused laser beam [95].
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(a) E[><‘x (b) CP plane wave

Ge 1
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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 ¢,
Stokes parameter, proportional to the spin polarization along x, in a thin Pt patterned
metal film onto a Ge surface.

52. Spin generation and transport in HM/semiconductor junctions. — In this para-
graph, we describe the influence of the HM layer on the optical properties of the light
illuminating the sample. We determine the spatial distribution of photogenerated spin-
polarized carriers in the semiconductor, and the resulting spin current density injected
into the HM.

52.1. Optical analysis. The presence of the HM affects both the light intensity and
CP. Performing an optical analysis on a thin metal film, deposited onto a semiconductor
substrate, it is possible to express the electric signal at the ohmic contacts as [91, 92]:

(18) AV « tstp, Ty DCP,i, cos(Psc) tg(?) cos(e),

where ts(p) TEPTEsent the light transmission coefficients, I,;; and DCP,;,. are the intensity
and DCP of the incoming light beam in air, whereas ¥gc and ¢ are the polar angles in
the semiconductor and in air, respectively, and ¢ is the azimuthal angle. The angular
dependence on ¥ and ¢ [defined in Fig. 7 (b)] are reported in Fig. 9 for a Pt(4 nm)/Ge
junction, although, for an incident photon energy hw = 0.8 €V, the trend is rather
universal [91]. We notice that the maximum of the signal is observed for ¥ ~ 65°, and
that, for small ¥ angles, AV 9.

5'2.2. Spatial distribution of the injected spin population. The information about the
distribution of the spins inside the semiconductor substrate allow for quantitative anal-
ysis of the spin transport. To estimate the spin current density js o = js(z = 0) injected
into the HM from the semiconductor, we need to solve the coupled drift-diffusion and
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Figure 9.: Angular dependence of the spin-to-charge conversion signal measured at the Ohmic
contacts AV on the polar angle ¥ (a), and the azimuthal angle ¢ (b). The dotted
line in (a) shows a linear fit for small ¥ angles.

continuity equations for charge and spin, respectively, where generation and recombina-
tion terms are present. In general, the solution cannot be expressed analytically. Thus,
to simplify the problem we neglect the contribution given by the gradient of the in-plane
xy carrier concentration, and focus only on the one dimensional problem along the z axis
[see Fig. 7 (b) for the reference system]. In the geometry of Fig. 10, we consider the semi-
conductor as a semi-infinite medium extending for z < 0, with the HM/semiconductor
interface at z = 0. The light illuminates the system from the HM side, propagating to-
wards negative values of z. Therefore, steady-state spin drift-diffusion equations for the
spin population in the semiconductor are written as [97, 98]:

190js s

= — + Wysp — P oPprae®,

(19a) 10 n

. Os
(19b) Js=¢q (usE +D 82)7

being wy, the electron-hole recombination rate, ®,, the flux of photons transmitted to
the semiconductor, a the absorption coefficient, and p the concentration of holes. Since

SC HM | ight
Jso + <7
tec 0ty Z-axis

Figure 10.: A HM layer of thickness tum lies on the top of a semiconductor (SC) substrate of
thickness tsc. In a semi-infinite approximation, tsc — co. 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 jis — 3 ms range
[99], this term does not affect spin profile, thus we disregard its contribution. Moreover,
as a first coarse approximation, we also neglect the electric field E generated by the
charge transfer across the Schottky junction. We thus obtain the following simplified
spin-diffusion equation with a generation term:

0%s ks P, o®pha

az

922 42 D ’

(20)

where we have exploited the relation between the spin lifetime 75 and the spin diffusion

length {5 = \/Drs.

The general solution is:
(21) 5(2) = 7o Pao®pnae® + ¢y e/ 4 cye /b

being c; 2 constants to be determined by the boundary conditions. We impose that
the spin density vanishes in the bulk of the semiconductor, i.e., for z — —oo leading to
ce = 0. Moreover, since the value of the spin diffusion length in the HM is usually a
few nanometer only, therefore negligible with respect to the typical values of the spin
diffusion length in semiconductors, we can set s(z = 0) = 0 [97]. With these conditions
we get:

Pn,otI)ph 01&52 (eaz — €_Z/ls>
D 1— a2 ’

(22a) s(z) =

aly (aés e — *Z/ls)

1— a26?

(22b) Js(2) = qPu,0®pn
From the expressions above, we can extract the value of the spin current injected into

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

aly o _é.Pn,Oaés
1+aly  l4+aby’

(23) jS,O = _an,Oq)ph

where £ = q®p; is a constant. Assuming P, o > 0 we get jso < 0. The expression of
eq. 23 is analogous to the one developed by Spicer [101, 102] and Pierce et al. [103]
concerning photoemission (in case spin-polarized) and photoconductivity measurements
in bulk semiconductors. For this reason, in the following, we call this approach the
Spicer-like model. The limits of applicability of the Spicer-like model will be discussed
in the last paragraph of this section.

5'2.3. Spin-to-charge conversion in the heavy-metal layer. It is interesting to correlate
the spin current density injected into the HM layer to the potential difference generated
at the Ohmic contacts [see Fig. 7 (b)]. Inside the spin detector, since no generation term
or electric field is present, we just solve the spin drift-diffusion equation along the z-axis,
which reads:

0?%s S
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We assume that the spin current density at z = 0, i.e., at the HM/semiconductor inter-
face, is js,0, as calculated in eq. (23). Conversely, at z = tym, being ¢y the thickness
of the HM layer, we set js = 0, imposing that the spin current cannot leak from the HM
surface. With these boundary conditions, the spin current density inside the HM is:

. . t . thm — T
(25) Js(2) = Jso csch(ﬁi) smh(%),

being (™, the spin-diffusion length in HM. We define j2¥ = (js(2)), as the spin current
density averaged over the thickness tyy of the HM layer [92]. We obtain:

av . tEM tam
(26) J&" = Jso éSHMtanh(QQ{M )v

which is the expression used in Refs. [92, 104]. Therefore, the potential difference at
the extrema of the illuminated region is AVigur = paj?¥, being p the electrical re-
sistivity and a the spot diameter of the focused laser beam. Consequently, the mea-
sured potential difference AV at the Ohmic contacts under open circuit conditions is
AV = AVigyg ma/(4d, ), being d, the dimension of the HM film along the x axis [104].

5'2.4. Validity of the Spicer-like model. The Spicer-like model introduces a simple
analytical formula to quantify the spin current density injected into the HM film. It is
important to compare the results of eq. (23) with the outcome of a finite element method
(FEM) analysis, where the spin-drift diffusion equation is numerically solved both in
the semiconductor and the HM. The geometry of the problem (Fig. 10) and the basic
equations to be solved [eqs. (19)] are the same. Moreover, at variance with the Spicer-
like model, we can explicitly consider the built-in electric field of the Schottky junction
[105]. We apply the boundary conditions: s(z = —tsc) =0 and js(z = tum) = 0. The
former equation accounts for the impossibility to have a net spin density at the bottom
Ge surface, provided that tgc is much larger than several absorption and spin-diffusion
lengths in the semiconductor, and the latter to leak from the HM surface.

The FEM calculations have been performed for a Pt/Ge junction, with tpy = 4 nm.
The Ge thickness is set 70 um, well above the typical absorption length of Ge, for
hw > Eq, and the size of the mesh cell is less than 0.1 nm. The electron spin lifetime in
Ge has been taken from typical values of Sec. 4; the diffusion coefficient and mobility of
Ge from Refs. [107, 108]; the absorption coefficient and the electron spin polarization of
Ge from Refs. [109] and [69], respectively, as plotted in Fig. 16 (a). The dielectric constant
of Ge is € = 16.2 ¢g, with €y being the vacuum permittivity and the height of the Schottky
barrier is ¢par = 0.63 €V (experimentally measured in Ref. [100]). Concerning the spin-
diffusion length in Pt, values of /I ranging from 0.5 nm and 14 nm have been reported
in the literature [110, 111, 112, 113]. However, it has been recently demonstrated that
(Pt strongly depends on the thickness of the Pt layer [104, 114]: therefore, based on the
findings of Ref. [114], we set ££'* = 1 nm for a Pt thickness of 4 nm.

The results of the FEM calculations are reported in Fig. 11. In panels (a,b), we show
the spatial dependence of the spin density s(z), and of the spin current density js(z),
normalized to the photon flux, for Nq =2 x 10'® cm™3, and hw = 0.8 eV. In panels
(c-e) we compare the results of the spin current density injected into Pt js o = js(z = 0)
resulting from the FEM model (blue dots), and from the Spicer-like formula [orange dots,
eq. (23)]. The latter always overestimates js ¢ since it neglects the built-in electric field
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of the junction, which reduces the number of the injected spin-polarized electrons into
the Pt layer. In Fig. 11 (c) we report the dependence of js o as a function of the doping
concentration of Ge. A good agreement between the estimations of the two models is
obtained for low doping concentrations (up to few 106 cm=2), while the models differ
of more than a factor 3 for Nq > 10'7 cm™3. Nevertheless, at a fixed doping density
(Ng =2 x 10'6 cm™3), we obtain a similar trend of the photon energy dependence of
Js,0 [Fig. 11(d)] and the models differ only for a proportionality factor which can be
inferred from Fig. 11. This demonstrates that the Spicer-like model produces consistent
results if the amplitude of the signal is not considered. Since in eq. (23) the absorption
coefficient and the electron spin polarization are known parameters, whereas the photon
flux can be easily obtained, the photon energy dependence allows estimating the /s in
the semiconductor, apart from the multiplicative constant £, which in any case does not
affect the dependence of js o as a function of the incident photon energy.

Finally, in Fig. 11 (e) the dependence of jso on the spin-diffusion length in the Pt
layer ¢ is shown. The Spicer-model is insensitive to this parameter, while the FEM
model predicts a decrease of the spin current injected into the HM as Kf ¢ increases.
This discrepancy reflects the fact that, when ¢ is comparable with the thickness of
the Pt layer, the boundary condition s(z = 0) = 0 of the Spicer-like model does not

200 ——8
(a) 1150 2 (b) /e
110 5 [ 15 &
{1003 . [ 1=
) 1 o
‘. [E 50 C 1, C
0 ~— : B ~
| 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 1 O
-60 -40 -20 0 20 -16 -12 -8 -4 0 4
z-position (um) z-position (nm)
0.5
L odf ©1Ff @1Ff -
S L 1L 1 L ]
e 03f 1F orem 1L (e) ]
o - 1 F Spicer-like 4 | E
=S 0.2F 4 F 1 F -
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10* 10 10Y 10 10 0.8 1.1 1.4 1.7 0 1 2 3 4
Ny (cm?) fiw (eV) €7 (nm)
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 ®,n, resulting from
FEM calculations. In this case we consider Ng = 2 x 106 cmf?’, and hw = 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 Ny of Ge at hw = 0.8 eV.
(d) Dependence as a function of the photon energy hw for Ng =2 x 10'% cm™3.
(e)Dependence of the spin-diffusion length in Pt £5° for Ng = 2 x 10'® cm ™3, and
hw = 0.8 eV. Figure reproduced from Ref. [145]



499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

SPIN-CHARGE INTERCONVERSION IN HETEROSTRUCTURES BASED ON GROUP-IV SEMICONDUCTORS19

hold anymore. The decrease of jso with increasing ¢£® is caused by the flow of the
spin-polarized electrons which are reflected when they reach the Pt surface.

6. — Experimental techniques: charge-to-spin conversion

In the conventional magneto-optical Kerr effect (MOKE), the polarization of a light
beam reflected by a magnetic medium is modified, depending on the magnetization state
of the reflecting layer. Notably, the effect is still present even in media without a long-
range magnetic order, but where an accumulation of spin-polarized carriers is present. By
means of this technique Kato et al. [48] performed the first experimental demonstration
of the SHE, directly imaging the spin accumulation in III-V microstructures. Up to
now, similar investigations have been carried on in several semiconductors [115, 116] and
metals [117, 118].

In what follows we investigate common schemes for MOKE detection of the electrically-
induced spin accumulation given by the SHE.

6'1. MOKE experimental setup. — The geometry of MOKE is shown in Fig. 12. A
linearly polarized light beam impinges on the sample surface with a polar angle J¢: the
presence of a longitudinal (My,), polar (Mp) or transverse (Mt) magnetization of the
sample can provide for the rotation of the light polarization and the generation of an
elliptic component of the reflected beam, accounted in the Kerr rotation 9 and the Kerr
ellipticity e [119, 120]. Since the Kerr signal is usually quite small, the signal-to-noise
ratio can be enhanced by modulating the light reflected from the sample with a PEM,
as sketched in the experimental setups of Fig. 13. In this case, a Wollaston prism can
be placed after the PEM to split the p and s components of the beam (see Fig. 13 (a)).
Therefore, the detection with a balanced photodiode (BPD) allows one to measure the
difference between the intensities of the two beams. This is the experimental geometry
employed for the investigation of polar MOKE (P-MOKE).The linearly-polarized light
beam impinges on the sampe at normal incidence and the reflected beam is divided
by a beam-splitter (BS) to simultaneously measure the reflectivity of the beam by a
single photodiode (PD-R) and the Kerr signal by means of the BDP. Alternatively, a

Figure 12.: Geometry of the MOKE. A laser beam shines a magnetized sample with a polar
angle ¥9. 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,
Mz, and M, 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 light
polarization, given by the PEM, in a modulation of the light intensity and allowing for
the detection of the modulated Kerr signal with a photodiode (PD) (see Fig. 13 (b)).
This is the experimental configuration exploited to investigate the longlitudinal MOKE
(L-MOKE). In both PD and BPD schemes, the detected signal is demodulated with a
lock-in amplifier.

6°2. Electrically-induced spin accumulation. — The spin accumulation due to SHE can
be detected with MOKE, in a stripe of geometrical dimensions d,, d, and d.. Let us
suppose that in our reference system [see, e.g., Fig. 7(b)] a charge current density j,
flows along the y axis, as a result of the application of an electric field E = E, u,,, being
u, the unit vector of the y axis. Due to SHE, a spin current density js, flows along
the z axis [see eq. (1)], with the direction of the spin polarization along z (and thus
detectable with P-MOKE), and similarly a spin current density js ., flows along the z
axis with the spin polarization of the carriers directed along x (and thus detectable with
L-MOKE). In the following, we focus on the former case, the extension to the latter
being straightforward. The estimation of the spin accumulation comes from the solution
of the continuity and drift-diffusion equations for charge and spin. The charge and spin
current densities flowing along x in presence of SHE are written as [121]:

) on
(27a) Jo = q<D T utsEy>,

. Os
(27b) Js,z = Q<D o + ,UtnEy>a
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where we have defined the transverse mobility j1, = vyu. By exploiting the spin and charge
continuity equations, under steady state conditions we get:

(28a)

(28b)

n g Os

g mE g .
8$2+D8x »=0
Ps | pong s
or2  Dox Y g2

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

(29)

on He

— = E
Ox DY

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

(30)

s Lom®

The solution of this differential equation can be found by exploiting the boundary condi-
tions js . (@ = £d;/2) = 0. To obtain the carrier concentration n, we exploit the general
solution of eq. (30) to solve eq. (28a), by imposing j, = 0 and n(z = 0) = ny. Finally, at
the first order in £, the spin accumulation and the spin current density result, respec-
tively [48, 121, 117, 116]:

dy
(31a) s(z) = —%Esno sech(%) sinh(Z) E,,
. dy x
(31b) Js,z(T) = queno |1 —sech| — ) cosh| — | | Ey.
’ 20 L
= 30f é RN
S :
s (a) s
—15F § —~ 08
— r >
Q B I “ 06
w ot i NS
° 5[ — £=5pum | % 04
:“ -15 i £,=20 ym o
= £,=50 um = 0.2
~-30F : X :
w0 | 1 | 1 1 1 | 1 | \w 0 1 1 1 | 1 |
-40  -20 0 20 40 -40  -20 0 20 40
x-position (um) x-position (um)
Figure 14.: Electrically-induced spin accumulation (a) and spin current density (b), normal-

ized to the parameters in eqgs. (31), expected in a stripe of width d; = 100 pm for
£s =5 pm (blue line), 5 = 20 pm (orange line), and ¢ = 50 pm (green line).
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In Fig. 14 we report a sketch of the profiles of s(x) and js ,(x) in a stripe with d,, = 100 pm
and with {; ranging between 5 pm and 50 pm. As /5 increases, the spin accumulation
at the edges of the stripe increases. When {5 approaches d, /2, the spin profile becomes
linear. The spin current density at x = 0 decreases for increasing values of /5 since the
spatial distribution of the spin-polarized carriers generates a diffusive currents « ds/0x
which partially balances the SHE contribution [see eq. (27b)].

7. — Experimental results

7°1. ISHE in Pt/Semiconductor junctions. — The spin transport in different HM /semiconductor

junctions have been investigated, where HM is represented by a 4 nm-thick Pt layer, act-
ing as a spin detector, whereas spins are optically injected in Ge, GaAs and Si substrates,
with a thickness varying between 350 and 500 pm, well above the spin-diffusion length ¢4
and the absorption length ¢, = 1/« of the semiconductors. The Pt film is grown on the
(001) surface of the semiconductors. Substrates are n-doped (with As for Ge, P for Si, and
Si for GaAs), with dopant concentration N$¢ = 1.6 x 101¢ cm ™2, N§' =9 x 10™ cm—3
and N$*As =2 x 10'8 cm~3.

We illuminate Pt/Ge, Pt/Si, and Pt/GaAs junctions at grazing incidence (spotsize
~ 10 pm) to photogenerate an in-plane component of the spin polarization in the CB
of semiconductors. Spins diffuse to the thin Pt layer, where the ISHE takes place. The
voltage difference resulting from the conversion of the spin current into a charge current
is detected under open circuit conditions by means of two ohmic contacts (200 nm-thick
Au/Ti) grown on the top of the Pt layer, as sketched in Fig. 7 (a). All the measurements
are performed at room temperature.

7°1.1. Signal characterization. Fig. 15 shows the ISHE signal in the Pt/Ge sample as a
function of the polar ¥ and azimuthal ¢ angles, the DCP and the incident optical power
W. The measurements are acquired with a photon energy resonant with the Ge direct gap
hw = 0.8 eV. In Fig. 15 (a,b), the angular dependences of the detected signal confirm the
linear dependence for small polar angles ¢ and a cosine dependence on the azimuthal angle

1 (@) | [ (b) ; 1 (<) 2| () %
S 05 - o2 S o8k (} _ ({ﬁ’
) i 3 S ol 7 [ $
w 0 - [} w OOF éc} I {;(}
> . s Soab ¢ e
a4 : 2 p=0| < T {) =0 [ 9 p=0
"DCP = 100% x| [ 2 DCP =100% 0.2 {) 9 =10°| [ éﬁ 9 =10°
IFW=400 gW X HB W= 400 pW d} W = 400 pW Ei[v DCP = 100%
0 90 180 -30 0 30 00 50 100 0 200 400 600
v (deg) 9 (deg) DCP (%) Power (uW)

Figure 15.: Dependences of ISHE signal in a Pt/Ge sample for hw = 0.8 €V as a function of (a)
the azimuthal ¢ and (b) polar ¥ (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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©, expected for a photoinduced ISHE signal [see eq. (18)]. For comparison, theoretical
predictions are reported in Fig. 9. The linearity of the detected signal with the DCP is
reported in Fig. 15 (c). In Fig. 15(d), we show the linear dependence of the signal with
the optical power density impinging on the sample, as expected from eq. (18). These
results confirm the spin-related nature of the detected signal. Similar characterizations
have been carried on for the Pt/Si and Pt/GaAs samples.

7°1.2. Photon energy dependence. In Sec. 3, we have detailed the physics of the op-
tical orientation process in Ge. As already mentioned, the discussion can be applied to
GaAs in a straightforward manner, by considering the different bandstructure parame-
ters: Eé}g"As ~ 1.42 eV, and A§**® ~ 0.32 eV. Both in Ge and in GaAs, SOI is strong
enough to induce a significant splitting of the HH and LH bands from the SO one.

Optical orientation in Si is quite different: SOT is small (A ~ 0.04 eV) and the direct
band gap is in the ultraviolet range (ES; ~ 3.4 ¢V), while the bottom of the CB lies along
the A direction, and Eisgi ~ 1.12 eV. Thus, at variance with Ge and GaAs, where a direct
(or quasi-direct in the case of Ge) gap is present and optical transitions occur around T,
optical spin injection in Si is performed by exploiting indirect I' — A transitions with
circularly polarized light, mediated by phonons. This mechanism has been predicted
theoretically in Ref. [71]. In this case, the maximum Pffo that can be obtained at room
temperature is about 5%, rapidly decreasing as the photon energy is increased above Elsgl

After photogeneration, spins diffuse towards the Pt layer. At variance from Ge and
Si, GaAs is a direct gap semiconductor. In GaAs, both generation and transport occur
at I'. In Ge, the electrons photoexcited at I' undergo a fast I' — L scattering (mostly
spin-preserving, see Sec. 4, and Ref. [122]), the transport occurring at the L minima.
Finally, in Si the spin-polarized electrons are directly photogenerated in A, where also
spin transport takes place.

In Fig. 16, we report the experimental photon energy dependence of the AVigyg signal
in the case of Pt/Ge, Pt/Si, and Pt/GaAs, for ¢ = 0°, and ¢ = 10°. To account for the
different optical power impinging on the sample, the ISHE signal is normalized to the
photon flux ®,;, transmitted to the substrate, obtained by means of the optical analysis
reported in Sec. 5°2.1.

Phenomenologically, the ISHE signal for the Pt/Ge sample has its maximum when
the photon energy is tuned around Egj; and then decreases as transitions towards the
SO band are allowed. Thus, AVigyg nicely mimics the initial spin polarization of the
electrons, shown in Fig. 4, and for convenience reported in Fig. 17 (a). On the contrary,
in the case of Si and GaAs, AVigugg is quite small at the energy gap and increases as
a function of the photon energy, up to a plateau. This behavior is radically different
from the spin polarization at the generation time shown in Fig. 17 (b,c) for Si and GaAs,
respectively.

The experimental results of Fig. 16 can be interpeted within the frame of the Spicer-
like model. We modify eq. (23) to explicitly account for the absorption and spin-diffusion
lengths:

b/l
32 AV X Pho————.
(32) ISHE ,014_65/%
Hence, the detected signal is determined by the initial spin polarization P, ¢, and by
the ratio between the absorption length ¢, =1/« and the spin-diffusion length ¢ of
the semiconductor. Since the photon energy dependence of both P, o and the absorption
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Figure 16.: Detected ISHE signal for ¢ = 0°, and ¥ = 10°, normalized to the photon flux @5, 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 « are well established in the literature, the fit of the experimental data provides
an estimation of the spin-diffusion length in the investigated semiconductors. Here, we
assume that the value of ¢; does not depend on the photon energy. However, this is
a valid assumption only if the spin-polarized electrons relax at the bottom of the CB,
preserving the spin character, i.e., if spins are scattered at the bottom of the CB within
a time scale much faster than the electron spin lifetime [73]. Indeed, this condition holds
when photon energy is close to the gap of the semiconductor.

The different behavior of AVisyg as a function of the photon energy in Ge, compared
to Si and GaAs, can be ascribed to the different ¢/¢, ratio. Indeed, if we evaluate
eq. (32) in the limiting case €5 > {,, we get AVigug x Py, while ¢ < £, produces
AVigug < P, . Since the ISHE signal in Pt/Ge mimics the initial spin polarization of
Ge, the Spicer-like model predicts £$¢ > £5¢. On the contrary, we expect £s < £, for Si
and GaAs, thanks to the small spin lifetime in the case of GaAs due to the Dyakonov-
Perel spin relaxation mechanism [50], and to the long absorption length in Si related to
the absence of direct transitions within the explored energy range.

The photon energy dependence of the normalized ISHE signal, according to the Spicer-
like model [eq. (32)], is shown in Fig. 17 (d-f) for different values of 5. In Fig. 17 (a-c)
we show the initial electron spin polarization and the absorption coefficient used for the
calculations. Consistently with the previous discussion, by comparing the calculations of
Fig. 17 with the experimental results in Fig. 16, high values of ¢ (in units of ¢, ) better
fit the results of Ge, while the opposite applies for Si and GaAs.

The best fit of the experimental results yields 345 = 30 + 5 nm and 5! = 9 + 2 pm
for GaAs and Si, respectively. For Ge, the Spicer-like model only provides a lower bound
estimation of the electron spin diffusion length, since similar spectra are obtained for
values of (8¢ larger than 1 pm. The estimated £ values are in agreement with those
reported in the literature, either for GaAs [125, 93], Si [71, 126, 127] or Ge [128, 31, 129,
97].

The evaluation of the amplitude of the ISHE signal in Pt/Semiconductor junctions
is a critical issue. Indeed, if we analyze AViggg at the Ohmic contacts for the Pt/Ge
sample, measured for fiw = 0.8 eV, we get an ISHE charge current inside the illuminated
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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 g ®ppn, equal to jisur/q Ppn ~ 10% [see Sec. 52]. At the same
time we can calculate the optically injected spin current density, normalized to ¢ ®p,
obtaining js/(q ®pn) ~ 1072, Therefore, v = jisur/js ~ 10 [see eq. (26)], which yields
an unphysical result for the SCI efficiency in Pt. Despite effective spin-Hall angles larger
than unity have been estimated by measuring the spin-orbit torque exerted by topological
surface states on ferromagnets [130, 131, 132, 133, 134], the above value of the SCI
efficiency is roughly five orders of magnitude larger than the commonly accepted value
v = 0.1 [135, 136, 111, 137, 138]. Such a discrepancy could be due to the fact that
the Spicer-like model does not consider the possible presence of some spin enhancement
mechanism operating in Pt [139] or at the Pt/semiconductor interface, where photovoltaic
effects related to the in-plane electrons diffusion can also play a major role [140, 141, 142].

7°2. Non-local spin injection/detection scheme in Ge.—In Fig. 18 we show the struc-
ture of the sample and the scheme of measurements. We employ a series of Pt pads, grown
on top of a As-doped Ge(001) substrate (doping concentration N$¢ = 1.6 x 1016 cm™2),
to generate an in-plane component of the spin polarization of the photogenerated elec-
trons, as explained in Sec. 5°1, by locally illuminating with a focused laser beam (fuw =
0.8 eV). Optically injected spins diffuse in the Ge substrate toward the detection
point. The detection is performed via ISHE taking place in a Pt stripe with two
Au(250 nm)/Ti(10 nm) Ohmic contacts grown on the top [Fig. 18 (b)]. The spin-dependent
signal, together with the sample reflectivity, is recorded as a function of the focused beam
position. All the measurements have been acquired at room temperature.

Figure 19 shows the experimental results. In panels (a-c), we report the dataset
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for the sample described in Fig. 18, while panels (d-f) show the results for a simi-
lar sample, where the detection is performed with a magnetic tunnel junction (MTJ)

» substrate ISHE contact

Au/Ti
vl

ISHE
contact

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 x 2 pm?-wide and the spacing
between pads along the = axis is 1 pm, so that the periodicity is d = 2 pm.
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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 pW
and 60 pW for ISHE and MTJ, respectively) at fiw = 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 detection
scheme. In Fig. 19, AVyrry is the potential difference acquired between an Ohmic con-
tact [Au(250 nm)/Ti(10 nm)], deposited on top of the Ge surface, and a second contact
grown on the top of the Pt(5 nm)/Fe(15 nm)/MgO(3.5 nm) MTJ. In this sample, a
3.5 nm-thick MgO layer has also been deposited between the Pt generation pads and Ge.
To compare the results of ISHE and MTJ detection, we force the magnetization of the
Fe layer to lie along the z axis in Fig. 18 (b). In this way, both spin-detection schemes
are sensitive to the x direction of the spin polarization.

In Fig. 19 (a,d) the reflectivity of the samples is reported. The spin-related electrical
signal is shown in Fig. 19 (b,e), normalized to the optical power density illuminating the
sample. Since we are able to correlate the spin generation point to the corresponding
detected signal, this spin injection/detection schemes allow for a direct measurement
of the diffusive spin paths in Ge. Opposite signals are detected when the laser beam
illuminates opposite edges of Pt pads. Notably, the amplitude of the signal decreases
by moving the light beam away from the detection point, as a consequence of the spin
depolarization due to diffusion in Ge. In Fig. 19 (c,f) the orange dots represent the voltage
signal recorded at the center of the Pt stripes, as a function of the distance from the spin
detector along the x axis, while the dark blue profile corresponds to the reflectivity along
the same axis. The electrical signal is zero at the center of the Pt pads and is reversed
at the two opposite edges.

The experimental results can be interpreted within the frame of a 1D diffusion model
[143], acording to which:

(33) AV (x) o sin(2nz/d) e~/

where the sinusoidal term accounts for the periodicity of the spin generation, being
d = 2 pm the periodicity of Pt pads along the z axis, and x = 0 the position of the
detector. Since, by measuring AV as a function of the distance, we observe a relative
variation of the spin-related signal, the only free parameter in eq. (33) is the spin-diffusion
length £5. The light blue curve in Fig. 19 (c,f) reports the results of the fitting, which yield
égSHE =104 1 pm and /MT) = 12 + 1 pm, for ISHE and MTJ devices, respectively. We
ascribe the difference in 4 to the thin MgO layer below the Pt pads for the spin generation
in the MTJ device. This prevents most of the absorption of the spins from the Pt pads
between the generation and detection point, which act as an effective spin relaxation
channel.

The measured value of /5 ~ 12 pm yields a spin lifetime 75 =~ 20 ns, if a diffusion coef-
ficient D = 65 cm?s~! is employed [144, 145]. The experimentally estimated ¢, value
is larger than what expected from the theoretical calculations carried on in Sec. 4
(rth ~ 5 ns). However, for lightly n-doped samples, the most efficient spin relaxation
channel is intervalley scattering (see Sec. 4 amd Ref. [31]), of which theoretical estima-
tion suffers from a large variability of the relevant parameters, both in the calculations
of Sec. 4 and in Refs. [31] and [77].

Finally, it is important to point out that, despite the higher responsivity of the MTJ
detection block, the exploitation of ISHE allows realizing a spin injection/detection
scheme without any ferromagnetic material. Moreover, at variance from other injec-
tion/detection schemes, the employed technique is able to probe the pristine interface
of materials grown on the Ge surface. This can be particularly suitable in the inves-
tigation of topologically protected surface states where the surface quality is of crucial
importance.
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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 d; X dy x d. =1 x 20 x 1 pm®. 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 AVisug between two Au/Ti
ohmic contacts.

7°3. Spin-to-charge conversion in Ge. — As discussed above, the fundamental feature
for an efficient spin detector is a non-negligible SOI. This is the reason why non-magnetic
heavy metals such as Au or Pt are employed to detect spin currents. However, SOI in
Ge is quite large, therefore it is also possible to induce SCI phenomena directly in Ge. In
particular, it is convenient to optically generate a spin current in Ge, detecting the electric
signal resulting from the ISHE directly in a Ge stripe. Figure 20 shows the layout of
the sample. The Ge stripe is fabricated by employing the germanium-on-insulator (GOI)
technique, realized with the Smart Cut process [146]. The obtained wafer consists of a
1 pm-thick Ge layer on a 1 pm-thick buried oxide. The uniform doping of the Ge layer
has been obtained via multiple ion implantations at different energies. To evaluate the
SCI of bulk Ge as a function of the doping type, we investigate a n-doped sample (P-
doped, Nq = 2 x 10* em~3) and a p-doped one (B-doped, N, = 5 x 10'® cm~3). Indeed,
since the spin-Hall angle of Ge is expected to be quite low for thermalized electrons [90],
by decreasing the electrical resistivity the skew scattering conductivity is supposed to
increase [50]. The measured resistivity for n- and p-type Ge are p, = 1.2 m{2 - cm and
pp = 3.9 mQ - cm, respectively. The Au(150 nm)/Ti(10 nm) ohmic contacts have been
deposited in UHV on the clean Ge surface. Then, the sample has been lithographically
defined in the geometry of Fig. 20.

Optical orientation has been performed by illuminating the sample at grazing inci-
dence with a polar angle ¥ ~ 20° [see Fig. 7(b)], corresponding to ¥g. between 3.3°
and 4.7° inside Ge within the explored range of photon energies. Throughout all the
measurements, the azimuthal angle ¢ has been set at 0° to maximize the component of
the spin polarization directed along the x axis.

In this case, we have employed a double modulation technique to increase the signal-
to-noise ratio, by modulating the light CP at 50 kHz by means of the PEM and chopping
the light intensity at 21 Hz.

Figure 21 shows the ISHE signal AVigyg for the analyzed samples, normalized to the
photon flux ®,y,. For both the samples, AVigyg changes sign around fw = 1.04 eV, which
corresponds to the onset of the transition from the SO branch in the Ge valence band
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Figure 21.: ISHE signal for p- (red circles) and n-doped Ge (blue squares) samples. AVisug has
been normalized to the photon flux ®,n. Each data point represents the average
value of ten acquisitions of 200 s each. Figure reproduced from Ref. [73].

at Egg + Ag = 1.09 V. The slight energy difference is given by the band gap narrowing
occurring in heavyly-doped Ge samples [147].

The sign inversion depends on the interplay between the spin and the energy relax-
ation times of the photoexcited electron population. To unravel the physical mechanism
determining the ISHE signal, it is necessary to analyze the spin relaxation mechanisms in
the Ge conduction band and the temporal dependence of the electron spin polarization
P, (t). To this purpose, Fig. 22 reports the momentum 7y, energy 7. and spin 75 relaxation
times of the photoexcited electrons in the investigated samples, based on the analysis
performed in Secs. 4. It is possible to see that at low kinetic energies (Ex < 0.45 eV)
the energy relaxation time is shorter than the spin lifetime [see Fig. 22 (a)]. Therefore,
within this energy range, spin is preserved and energy is thermalized. On the contrary,
for higher kinetic energies (Fyx > 0.45 V), the spin depolarization occurs before energy
thermalization. Therefore, we can conclude that the interplay between spin relaxation
and momentum and energy relaxation is the driving mechanism for the experimentally
observed sign inversion.

Figure 23 shows snapshots of the calculated electron spin polarization at three dif-
ferent times after photogeneration. To calculate P, o(fw), we employ standard matrix
elements for the optical transitions at the I point and we take into account a simplified
JDOS resulting from a parabolic band approximation around I', as shown in Sec. 3.
Thanks to the energy conservation, we can infer the energy distribution of the different
spin populations photoexcited from the HH, LH, and SO branches [148], which are evi-
dently affected by different spin and energy relaxation times as a function of their kinetic
energy [see Fig. 22]. As a consequence, the temporal evolution of the spin polarization,
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Figure 22.: (a) Kinetic energy dependence of momentum scattering time. The red stars repre-
sent the momentum relaxation time given by phonons, whereas green triangles [up-
wards (downwards) for the n(p)-doped sample] the one related to impurities. The
red vertical lines indicate the crossover between the region of the phonon scattering
by inter-L L-valley and inter-AA-valley scattering. The dark vertical line separates
the regions of impurity- or phonon-driven momentum scattering. (b) Spin (red) and
energy (blue) lifetimes. The meaning of the symbols is the same as in panel (a).
The vertical line at Fx shows the crossover between 75 and 7g. Figure reproduced
from Ref. [73].

defined as

) — ()
B = a0y

(34)
depends on the photon energy and can be obtained by calculating the time evolution of
the three photoexcited populations.

Bearing in mind Fig. 23, at ¢ = 0 the spin polarization is determined by the electrons
originated from the HH, which are the majority of the photoexcited electrons. However,
the latters are promoted at higher energies compared to the ones originated from the SO
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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 from
the SO states are allowed, a sign reversal of the polarization occurs after a finite time
interval.

Finally, we derive AVigyg directly from the ISHE relation [eq. (2)]. Since |jg X us| =
Jssin(Yge), the-time dependent potential difference at the ohmic contacts reads:

(35) AVvISHE =7 <]S(Z)>z sz Sin(ﬁGe)a

where ( js(2)), is the average of the spin current density js(z) over the stripe thickness
d.. The expression of js(z) comes from the spin-continuity and drift-diffusion equations
in the steady state conditions (0s/dt = 0), with optical generation of a spin population
[eq. (19)], resulting in the pure spin-diffusion equation [eq. (20)]. The equations are
solved by imposing the boundary conditions js(0, —d,) = 0 to model the fact that spin
cannot leak from the Ge layer at the Ge/air (z = 0) or Ge/SiOy (2 = —d.) interfaces.
We then calculate j3¥ = (js(z)), by averaging js(z) over the thickness d. of the stripe.
In Fig. 24 (a), we report the total spin current density 72V, and the partial contributions
generated from the electrons promoted from HH, LH, and SO states. As already discussed
for the time-dependence of the electron spin polarization [Fig. 23], electrons promoted
from the SO band hold their spin character for a longer time compared to the electrons
promoted from the HH band, as a consequence of the different spin relaxation times.
By comparing Figs. 21 and 24, one can notice that, despite the calculated spin current
density nicely mimics the sign reversal, the trends of the measured AVigyg and the
calculated j2¥ are completely different. Since in eq. (35) all the parameters are measured
or calculated except the spin-Hall angle v of Ge, the different trend of AVigyg and
J&¥ reveals the energy dependence of 7. Therefore, we can directly estimate the SCI
efficiency for n- and p-doped samples from eq. (35), obtaining the results presented in
Fig. 25. The value of v for thermalized electrons in the n-doped sample (=~ 2 x 107%) is
in good agreement with the one estimated from spin pumping in a CoFeB/MgO layer
grown on top of a heavily P-doped Ge (doping concentration N, ~ 10?cm=2) [90]. On
the contrary, v ~ 2 x 107° for thermalized electrons in p-type Ge, which is much lower

o
o
i

s
S
S ]
~ [
> |

I I I 1 I I I 1 I I I 1 I I I
0 04 0.8 1.2 1.6
hw- Ey4q (V)

Figure 24.: Average of the total spin current density j3V 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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Figure 25.: Spin-Hall angle v,(,) as a function of the photon energy for n(p)-doped Ge [blue
squares (red circles)]. The inset shows the ratio v, /v», with the band marking the
ratio of the spin-Hall angle estimated within an atomic model. The parameter m
ranges between 2 and 4. Figure reproduced from Ref. [73].

than the value estimated from spin pumping measurements in a B-doped Ge sample
(Nq ~ 1018 cm™3) [149].

For thermalized electrons, scattering is mainly due to impurities [see Fig. 22 (a)],
therefore we can employ a simple atomistic picture where the spin-dependent scattering
cross section follows the atomic number of the scattering center o« Z™, with m ranging
between 2 and 4. In this case, v,/vn =~ (Z5/Zp)™ ~ 0.01 — 0.11, being Zg and Zp the
atomic numbers of B and P, the dopants of p- and n-type Ge, respectively. From the
experimental data v,/v, =~ 0.1, nicely falling in the range of the atomistic picture. The
ratio between the spin-Hall angle for the p- and n-type Ge are reported in the inset of
Fig. 25, together with the band marking the ratio obtained from the atomic picture.

It is worth noticing that in Fig. 21 the detected AVisug signals are comparable for n-
and p-doped Ge, despite from Fig. 25 we infer 7y, > +y,,. This is due to the higher resistivity
for p-doped Ge, which, from eq. (35), balances the higher spin-Hall angle of n-doped Ge.
Figure 25 also suggests that the extracted v value has roughly an exponential growth with
hw for both dopants. For high photon energies we estimate v = 0.1, a value much larger
than the ones reported up to now for semiconductors [116, 150, 151, 152, 90, 153, 93].
Notably, a value of v = 0.02 has been estimated in GaAs [152] for electrons with kinetic
energies Fy ~ 0.3 eV. Moreover, in that case an exponential growth with Fj has been
also reported and ascribed to a higher occupation probability of the L valley of GaAs,
where the SOI was expected to be larger. A similar increase of v has also been observed
in Ref. [93]. In both reports [152, 93], v for thermalized electrons has been estimated
between 2 x 107* and 5 x 10~*. We can gain some more insight from the photon energy
dependence of the ratio v, /7., shown in the inset of Fig. 25. If for thermalized electrons
the ratio is about 0.1, its value increases up to 0.8 at higher photon energies. From
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the calculations of the momentum relaxation time [Fig. 22 (a)], we deduce that, at low
FE)y, the momentum scattering is lead by collisions with impurities, while, as the kinetic
energy increases, the phonon contribution becomes dominant. Indeed, the dependence of
~p/Vn on the photon energy seems to reflect this behavior. For near-gap excitations the
ratio can be inferred from the atomistic picture of the cross section of the scattering from
impurities. As the photon energy increases, the contributions from phonon scattering
increases and no difference in n- and p-doped Ge is expected when the SCI is mediated by
phonons. Thus, v, and v, approach the same value. Moreover, the paramount increase
of v with the photon energy suggests that phonon scattering is much more efficient
compared to impurity scattering for SCI.

Finally, it is interesting to compare the results described above with the spin-to-charge
conversion discussed for a Pt/Ge junction (Sec. 7°1). At variance with Fig. 21, in the
case of Pt/Ge, the ISHE signal does not show any sign reversal as a function of the
incident photon energy. To solve this discrepancy we can exploit the Spicer-like model
[eq. (23)] to calculate the total spin current injected in the Pt layer from Ge, when three
independent spin populations (promoted from HH, LH, and SO) are considered. The
result is shown in Fig. 26, compared to the case of Ge. Notably, no sign reversal is
expected in the spin current density injected into the Pt film, as experimentally observed
in the Pt/Ge junction [Fig. 16 (a)]. The difference lies in the fact that, if electrons diffuse
from Ge to Pt, their spin depolarization mostly occurs in the Pt layer, while for the ISHE
in Ge all the spin relaxation takes place inside the semiconductor.

7°4. Spin-Hall effect in Ge. — To completely characterize the spin-to-charge intercon-
version phenomena in Ge, the spin-Hall effect has to be taken into account. In this case,
we investigate a 3 pm-thick Ge bar grown on a 500 pm-thick Si(001) substrate. Since
electrons should flow only inside germanium to generate an electrically-induced spin ac-
cumulation, we employ P-doped Ge with a doping concentration Ny = 2.5 x 10'® cm™3
(resistivity pge = 10.5 mQcm at 20 K), whereas the Si substrate is highly insulating
(psi > 10 kQcm). An optical image of the sample is shown in Fig. 27 (a). The Ge stripe
has a size of d, x dy, = 100 x 220 nm?, along the z and y axes [within the reference frame
of Fig. 27 (a)], respectively.

Normalized j; (a.u.)

0 0.4 0.8 1.2 1.6
hw- E4q (eV)

Figure 26.: Comparison between the average spin current density ji' flowing in the Ge layer
(grey dashed line) and the one injected in a Pt layer grown on Ge (orange continuous
line). In the latter case no sign inversion is expected within our model. Both spin
current densities are normalized to the unity. Figure reproduced from Ref. [73].
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Figure 27.: (a) Optical reflectivity map of the sample for iw = 0.8 V. 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 z-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/um. The profiles are obtained by
averaging over the y-axis the data obtained in a scanned area of 130 x 40 pm?.
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 ek
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 field
E_(_) along the y axis. Due to SHE, the electric field generates at the edges of the
Ge stripe (along the z axis) an accumulation of electrons with a spin polarization par-
allel to the out-of-plane direction (z axis), in agreement with eq. (31a). The applied
electric field is less than 8 mV/pm, corresponding to a charge current density j lower
than 8 x 103 A/cm?. Tt is worth mentioning that the possibile magnetization of the
Ni contacts is irrelevant for the injection of spin-polarized electrons in Ge due to the
conductivity mismatch between Ni and Ge [23].

Since the direction of the spin polarization is perpedicular to the sample plane, we
exploit the P-MOKE setup shown in Fig. 13 (a), with a balanced photodiode bridge
acquisition, to simultaneously measure the Kerr ellipticity €, and the reflectivity of the
sample (see Sec. 6'1). The light source is a 0.8 €V continuous-wave laser, with an optical
power incident on the sample of 2 mW. Throughout all the measurements the sample
is kept at 7" =20 K. At this temperature, the Ge direct gap lies at Eq, ~ 0.86 €V, as
a result of both the effect of the temperature [154], and the band gap narrowing due to
impurities [147]. It is worth noticing that the photon energy has been chosen to optimize
the magnitude of the Kerr signal [155], and avoid optical absorption at T

In Fig. 27 (b,c) we report the reflectivity [R, panel (b)] and the Kerr ellipticity [eg,
panel (c)] measured for an applied electric field E = 4.7 mV /pm parallel (red circles)
or anti-parallel (black circles) to the y axis. The profiles represent the spatial average
along the y direction of 130 x 40 pm2-wide maps. ¢y, is reported only in a region between
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r ~ —40 pm and x =~ 40 pm, to avoid possible optical artifacts related to the edges of
the channel. As expected, the reflectivity profile does not change upon reversal of the
applied current density, while ¢, shows a slope reversal for opposite directions of j.
Figure 27 (d) shows a complete ellipticity map of the scanned region, obtained as the
difference between the Kerr ellipticity detected for £, and E_. The averaging of the
map reported in Fig. 27 (d) yields the Kerr ellipticity profile of Fig. 27 (e), also obtained as
the difference of the two profiles shown in Fig. 27 (c). Since the measured Kerr ellipticity
is proportional to the electrically-induced spin accumulation, the latter shows a linear
dependence as a function of the x position.

As derived in Sec. 6°2, the electrically-induced spin density is expressed by eq. (31a),
reported here for convenience:

dy . T
(36) s(x) = —%ﬁsno sech(%s) Smh(&) E.

The dependence upon z is accounted only in the sinh(x/¢) term, which can be approxi-
mated as sinh(x/{s) =~ x/{s for x/¢s < 1. Since x ranges between +d, /2, the approxima-
tion is valid for ¢s > d, /2, as already pointed out in Fig. 14 (a). This nicely reproduces
the observed linear profile of €; and suggests a long spin-diffusion length in heavily-doped
Ge at low temperatures.

However, this does not allow estimating the value of /s directly from the experimen-
tal profiles of ¢, by means of eq. (36) (at variance with Ref. [48]), since any ¢5 > t/2
would give a spin accumulation profile in agreement with the one experimentally ob-
served. By exploiting the theoretical calculations of Sec. 4, we can estimate a spin
lifetime 75 = 420 ns in Ge for Ng = 2.5 x 10'® ecm™3 at T = 20 K. To calculate the spin-
diffusion length we infer from Hall measurements performed at the same temperature an
electron mobility p ~ 10% cm? V™"'s~!, in agreement with Ref. [156]. From the general-
ized Einstein equation [108] we obtain a diffusion coefficient D = 23 ¢cm? /s, which yields
ls =~ 31 pm, a value compatible with the linear profile observed in Fig. 27 (e).

To perform a quantitative analysis of the spin-Hall effect in Ge, it is mandatory to
find the relation between the electrically-induced spin accumulation and the measured
Kerr ellipticity €, which represents the responsivity of the experimental setup. To
this purpose, optical orientation is employed to inject an electron population in the
conduction band of Ge with a well-known spin polarization (pump beam). In this case
we measure (probe beam) the Kerr ellipticity generated by the optically injected spins
[see Fig. 28(a)]. The direction of the pump beam is 45° with respect to the normal
of the sample and the spot size is about 100 pm with 10 mW of optical power. The
two beams have been focused and overlapped on the Ge surface. From Fig. 28 (b) it is
straightforward to see that, by varying the DCP of the injected photons, we vary the
injected spin polarization and eventually the detected e value. The number of injected
spins can be estimated by solving the standard spin drift-diffusion equation in the steady
state conditions with an optical generation term [eq. (20)]. Since in our experimental
case the absorption coefficient is o =5 cm~! [157], while the stripe thickness is only
d, = 3 pm, we approximate the light absorption as constant over the whole stripe. This
reduces eq. (20) to:

0%s s P, o®pha
2

37 22 2= D
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and by imposing the boundary conditions js(0, —d,) = 0 we obtain:
(38) s =75 Py ®ph,

being Py the electron spin polarization along the z axis. Since the pump beam illu-
minates the sample at 45° with respect to the normal, the polar angle in Ge is ~ 10°,
meaning that the polarization vector is almost parallel to z, i.e., P;, =~ P . Since the
incident photon energy is fiw = 0.8 €V, we can set P, o = 50% and therefore, from eq. (38)
we can estimate a responsivity of the experimental setup n = s/, = 5.8 prad ™ 'pm =3,
which gives the spin density of Fig. 27 (e).

It is important to notice that at 7" = 20 K the direct gap of Ge lies at Ege ~ 0.86 eV
so that for hw = 0.8 eV optical transitions are phonon mediated, only promoting spin-
polarized electrons along the A direction of Ge. Since phonon-mediated optical transi-
tions mostly preserve the spin polarization in the CB, at least for the case of Si (see
Sec. 7°1.1), we can assume P, o = 50% also in Ge, being this case only an upper limit for
the electron spin polarization. A lower value of P, ¢ would decrease 1 and consequently
increase the estimated electrically-induced spin accumulation.

From the calibration procedure, we find s ~ 400 pm ™3 for 2 ~ +40 pm when an
electric field E = 4.7 mV /pm is applied [see Fig. 27 (e)]. This value is roughly two orders
of magnitude larger than what measured in InGaAs [48] and comparable with GaAs
[115], indicating a large spin accumulation in Ge bars.

In Fig. 29 we report the electric field dependence of the detected signal. The spin
profiles are shown in panel (a) as a function of E between 0.4 mV/pm and 7.3 mV /pm.
The spin density at the edges of the Ge channel increases as a consequence of the increase
of E. In Fig. 29 (b) we evaluate the spin density at = 40 pm by a linear fitting of the
detected experimental profiles, which linearly increase with F as expected from eq. (36).
In Fig. 29 (b) the spin current density flowing at the center (z = 0) of the Ge stripe is
also reported, as calcuated from eq. (31b).

It is possible to estimate the transverse mobility py = yu and thus the spin-Hall angle
~ as a function of the applied electric field. The results are reported in Fig. 30 (a). Since in

8
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Figure 28.: (a) Setup for the calibration of MOKE in Ge: optical orientation is used to inject an
electron population in Ge with a well-known spin polarizaiton and detect the result-
ing Kerr ellipticity as a function of the DCP. The experimental data are reported in
(b). Figure adapted from Ref. [116].
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our case the spin-diffusion length cannot be experimentally evaluated, in the calculations
we exploit the theoretical value £5 = 31 pm. The average value of the spin-Hall angle
is y=(1.940.2) x 1074, a value which nicely agrees with the one obtained at room
temperature from spin-to-charge conversion measurements for thermalized electrons (see
Sec. 7°3).

We have also investigated the temperature dependence of v. In Fig. 30 (b) we report
the measured spin accumulation at the edge of the scanned region, normalized to the
applied electric field, as a function of the temperature. The spin density at x = 40 pm
decreases as the temperature increases, following the temperature dependence of /5. We
interpret the results within the same model presented before, which suggests a small
temperature dependence of the spin-Hall angle.

7°'5. SCI in Bi thin films grown on Ge(111). — It has been demonstrated that a large
Rashba effect occurs when a single layer of Bi is deposited on the top of a clean Ge(111)
surface [158, 159]. In this frame, it appears particularly interesting to study the spin
transport in the Bi/Ge(111) as a function of the Bi thickness in the ultrathin film limit,
with Bi film thicknesses lower than 10 nm. In the following, we report on the thickness-
dependent structural and electronic properties of Bi films and we present the results of
SCI measurements. To investigate spin-charge conversion, we transfer spins to the Bi
layer, either by means of optical orientation in the Ge substrate, or from ferromagnetic-
resonance-driven (FMR) spin injection from an Al/Co/Al stack grown on the top of the
Bi film. Moreover, charge-spin conversion measurements are performed by exploiting
L-MOKE.
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Figure 29.: (a) Kerr ellipticity profiles obtained for an applied electric field of 0.4 mV /pm (violet
circles), 2.7 mV/pm (red circles), 4.7 mV/um (green circles), and 7.3 mV/pm (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 z) 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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Figure 30.: (a) Spin-Hall angle «y as function of the electric field at T = 20 K. The average value,
weighted by accounting for error bars, is v = (1.9 £ 0.2) x 10~*. (b) Temperature
dependence of the electrically-induced spin density at the edges of the scanned area
as a function of the temperature. The decrease of the signal (blue squares) follows
the decrease of s (red dotted line). The inset shows the v value inferred from the
temperature-dependent measurements. Figure reproduced from Ref. [116].

7°5.1. Structural and electronic properties. The growth of thin Bi films on Ge(111)
has been studied by means of scanning tunneling microscopy (STM), low-energy elec-
tron diffraction (LEED), reflection high-energy electron diffraction (RHEED), and X-ray
diffraction. The results are discussed in details in Ref. [118]. The investigated samples
have been grown in situ with molecular beam epitaxy, in UHV at room temperature.
First, we grow a thin (1 ML-thick) Bi wetting layer on the top of Ge(111), which gives
origin to the Bi/Ge(v/3x+/3) R 30° reconstruction, following a standard procedure in the
literature [159, 158, 160]. Then, we deposit a variable Bi thickness tp;.

The results of the STM analysis are reported in Fig. 31. For tg; < 3.5 nm the Bi
atoms cluster in nanoislands [Fig. 31 (a)], of which the top facet shows the pseudocubic
(PC) (110) phase [Fig. 32 (a,b)]. The lateral dimension ap; of the islands is of the order
of tens of nanometers, as shown in Fig. 32 (d), increasing with the Bi thickness. Due to
the presence of islands, the nominal thickness tp; of the film differs from the effective
thickness h of the Bi nanocrystals [Fig. 32 (e)]. At tg; ~4 nm the islands percolate,
forming an almost continuous 2D layer [Fig. 31 (b)]. Also in this case the top facet still
shows the PC phase. However, between 4 nm and 5 nm we observe the coexistence of the
PC and the hexagonal (HEX) (111) phase. Finally, for tg; > 5 nm the film undergoes to
a structural change, since onlythe single crystalline HEX phase is observed [see Fig. 31 (c)
and Fig. 32 (¢)].

The investigation of the electronic properties of the system has been performed by
means of spin- and angle-resolved photoemission spectroscopy (S-ARPES) on in situ
grown samples. The measurements have been performed at the APE beamline of the
Elettra synchrotron facility, with p-polarized synchrotron radiation at iw = 50 eV, and
an hemispherical electron momentum and energy analyzer (Scienta DA30). During the
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Figure 31.: Scanning tunneling microscopy images of Bi/Ge(111) at Bi thicknesses tg; of (a)
1.4 nm, (b) 3.8 nm, and (c) 8 nm, tp;. tp; 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 reported
in Fig. 33 as a function of the Bi thickness. In the 3D-PC regime we observe states with
a hole character, crossing the Fermi level around the T' point [Fig. 33 (a-c)]. Notably,
similar states have already been observed by Bian et al. [163] in the 2 nm-thick Bi/Si(111)
heterostructure. In analogy with their observations, we conclude that these are surface
states with a spatial extension of only 2 Bi bilayers (BL, being 1 BL = 3.28 A) In this

o]

3 4 5
Islands thickness h (nm)

Figure 32.: (a) Bulk Bi unit cell, with the (110) pseudocubic (green) and (111) hexagonal (yel-
low) surfaces reported below. (b,c) 3 x 3 nm? STM images of Bi(110) and Bi(111)
surfaces, taken at tp; = 2.6 nm and ¢g; = 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 ¢g; = 0.3 nm (black rectangles), ¢g; = 1 nm
(red rectangles), and tg; = 1.5 nm (blue rectangles).



40 F. BOTTEGONI ETC.

wis  regime we do not clearly observe other surface or bulk states close to Fg. For tg; = 5 nm

U U U U U U
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Figure 33.: (a-e) Angle-resolved photoemission spectroscopy measurements along the
K —T — M direction of the Ge(111) surface Brillouin zone (SBZ), shown in the
inset of panel (a), for tg; = 1,2,3,5 and 9 nm. (f) Sketch of the Bi(110) Fermi
surface (from Ref. [161]). T'=T, M, X1, and X, are the high symmetry points
of the Bi(110) SBZ. (g) Experimental 2D Fermi surface for ¢g; = 5 nm, reproduced
with the superposition of the sketch in (f), accounting for all the possible equivalent
directions. (h) 2D Fermi surface for tg; = 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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we  [Fig. 33 (d,g)] the band structure still shows states crossing the Fermi level around T', but
o we clearly detect other states crossing the Fermi level at |k| ~ 0.7 A-1 along both the
wn I — K and T' — M directions. In this case, it is worth comparing the experimental results
w2 with the expected Fermi contour for the (110) facet of the bulk Bi, reported in Fig. 33 (f).
i3 Twofold PC Bi can grow on six equivalent orientation on the sixfold (111) surface of Ge,
o as already observed by Hatta et al. [164] with LEED analysis. Therefore, the multiplicity
s of the configurations explains also the analogies between the ARPES data acquired along
ws the T — K and T — M directions. Thus, the states crossing Er for |k| > 0.8 A= [blue

w7 dotted line in Fig. 33 (d)] are given by the ring states around the M’ point of Bi(110)
ws  SBZ [Fig. 33 (f)]. The states, symmetric with respect to |k| ~ 0.7 A=' [orange dotted
w9 line in Fig. 33 (d)], are marked by orange circles along the Yll — M’ direction [Fig. 33 (f)]
w0 of other two equivalent Bi cells. In Fig. 33 (e,h) the band structure along the I' — K and
wr I — M directions of the Ge(111) SBZ is reported together with the Fermi surface, for
102 tg; =9 nm. In this regime we detect only the crystalline HEX phase of Bi in registry
w023 with the Ge(111) substrate.

1024 Under the same conditions, we probe the in-plane components of the spin polarization
s by means of a very-low-energy electron diffraction (V-LEED) detector [165, 166]. The
w5 results of the S-ARPES measurements are reported in Fig. 34. In panels (a-d) we measure
w2z the spin polarization of the surface states observed with ARPES around the T' point
ws for tp; = 2.5 nm. The latters clearly show a net spin polarization at the Fermi level
120 which reaches up to 40%. The direction of the spin polarization is fully determined by
w30 the direction of the momentum, i.e., suggesting the presence of spin-momentum locking
wn (SML), with a counterclockwise helical spin texture. It is interesting to notice that

o also the states from M are spin polarized with P, ~ 33% (Fig. 34 (e-g)). However, at
1033 variance with the states around I, their spin texture is clockwise, as already indicated
1034 in Ref [167]

1035 7'5.2. SCI measurements. Charge-to-spin conversion measurements have been per-
ws  formed by applying a voltage difference to a a macroscopic Bi/Ge(111) 1.5 x 5 mm?
w3 stripe of constant Bi thickness tg;. The conversion of the charge current into a spin
s current and, consequently, the generation of an electrically-induced spin accumulation
03 is generated via REE (see Sec. 2°2). Since the measurements have been performed in
w0 air and at room temperature, the samples are capped with a ZrO2(10 nm)/MgO(5 nm)
wa  bilayer to prevent the oxidation of the Bi layer and the oxide bilayer is optically inac-
1042 tive in the explored wavelength range. We perform L-MOKE to probe the in-plane spin
s accumulation by means of the experimental setup reported in Fig. 13 (b). In this case,
a4 the incoming s-polarized light beam (A = 691 nm) is focused on the sample with a polar
ws  angle ¥ = 45°, and the signal proportional to the Kerr ellipticity ¢j is recorded by means
1w of a photodiode. The resulting ¢y, is reported in Fig. 35 as a function of the Bi thickness.
e It is straightforward to see that a large Kerr signal is detected up to tg; = 3 nm (orange
ws band in Fig. 35), whereas the signal rapidly decreases as the thickness is increased.

1049 We also investigate the spin-charge conversion given by IREE in Bi. In this case,
w0 spins are generated either by exploiting the optical orientation in Ge (as previously
st discussed for Pt/semiconductors in Sec. 7'1), or with FMR-driven spin injection. Once
w2 again, the Bi film has been coated with a ZrO3(10 nm)/MgO(5 nm) bilayer, while an
w053 Al(5 nm)/Co(10 nm)/Al(5 nm) stack was grown on the top of the Bi film in order to
wsa perform FMR spin injection. For optical orientation we exploit a 740 nm laser source and
10ss  we measure the photoinduced IREE by acquiring the voltage between two ohmic contacts



1056

1057

1058

1059

1060

1061

1062

1063

42 F. BOTTEGONI ETC.

deposited on the top of Bi. The charge current I is obtained from the ratio between the
measured voltage difference AV under open circuit conditions and the electrical resistance
R of the conductive path, estimated in a four-probe configuration. The experimental
results, normalized to the photon flux ®py,, are reported in Fig. 36 (a). It is worth
mentioning that the trend of this spin-charge conversion is similar to the one shown in
Fig. 35.

In the case of FMR driven spin injection, a transverse radio frequency field H,¢ triggers
the FMR of the Co layer, and thus the spin pumping into Bi. In Fig. 36 (b) we report the

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

I . ()
i ) 8 1 |
"0 02 04 °0.6 0.8 . 0.5 0

Figure 34.: (a-d) Spin-resolved ARPES around the I" point for tg; = 2.5 nm. The percentage
values correspond to the net spin polarization at the Fermi level. (e) Band structure
along the T' — K direction, for tp; = 5 nm, as shown in Fig. 33 (d). The red solid
lines show the hole states of Bi(110) around T (left line) and M (right line). The
dashed lines show the electrons states related to different equivalent Bi cells. The
line colors and the inward/outward vector symbols show the direction of the spin
polarization. (f,g) S-ARPES around M’ for the momentum position reported in
panel (e). Figure reproduced from Ref. [118].
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Figure 35.: Kerr ellipticity €; as a function of the Bi thickness ¢p;, 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].

we  charge current I = AV/R, normalized to the excitation signal, i.e., the radiofrequency
wes  power, proportional to Hy>. The experimental results of Fig. 36 (a) and 36 (b) clearly
wes  show the same qualitative behavior: a large signal is measured for a small Bi thickness,
ez whereas the signal completely disappears within the experimental error for ¢tg; > 4 nm.
wes  Notably, at 7' = 30 K the FMR-driven IREE signal is roughly one order of magnitude
e larger compared to what obtained at room temperature.

1070 7°5.3. Discussion. S-ARPES experimental results indicate the presence of spin-polarized
wn  surface states at the Fermi level, where SCI can occur, thanks to SML. However, from
w2 simple symmetry arguments it is possible to argue that the chirality of the SML should
w3 be opposite at the top and bottom surface of the Bi layer. This results from the inversion
wra  of the direction of the spin-polarization without inversion of the momentum upon mirror
wrs  symmetry, as pictorially sketched in Fig. 37. Evidently, an opposite chirality of SML in
wre  the surface states yields opposite SCI contributions. As a consequence, when both the
w7 Bi interfaces are involved in SCI, the overall signal cancels out. Therefore, to preserve a
ws  net SCI signal, the two surfaces should be disentangled.

1079 STM analysis suggests that the SCI signal is present in the Bi thickness range corre-
w0 sponding to the presence of Bi nanoislands, whereas it decreases as the clusters start to
wa  percolate. Since the lateral size ap; of Bi nanocrystals [Fig. 32 (d)] is comparable with
w2 the Fermi wavelength Ap in Bi (between 40 and 70 nm [168, 169]), while the height of
ws3  the nanocrystals is much smaller than ap;, quantum confinement can play a fundamental
w8 role in the transport properties of the system. The appearance of quantum size effects
wss  (QSE) in Bi is further favored by the small electron effective mass, between 1073 mg and
s 0.26 mg, depending on the crystalline orientation [170]. Indeed, the presence of QSE in
sz Bi has been already reported in the literature [162, 171]. Moreover, Bi is a semimetal,
wss the lowest electron band being at the L point, and the highest hole band at the T" point.
s The gap between the states at the L point is Ey;, = 15 meV, while Ej; = —38 meV is
o the indirect band overlap between the states at L and T points [172, 162], as shown in
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Figure 36.: (a) Optically-induced IREE signal, normalized to the photon flux ®pn, for
Bi/Ge(111) as a function of the Bi thickness. I is the charge current obtained
as AV/R, being AV the measured voltage difference and R the electrical resistance
of the conductive path. (b) FMR-driven IREE signal, normalized to the radio fre-
quency power, at T' = 30 K (blue upwards triangles) and 7' = 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 Fj
in Bi nanocrystals [172],thus inducing a semimetal-to-semiconductor transition (SMSC).
The bandgap opening can be interpreted within the model of Ref. [172], which predicts
a SMSC transition (i.e., E; >0) for ag; < 50 nm, [see Fig. 38 (b)]. Thus, nanocrystals of
lateral size ap; < 50 nm and thicker than 4 BL (the latter condition meaning that oppo-
site surface states do not overlap each other [163]) are expected to be semiconducting.

The fraction § of the surface which fulfill these conditions is reported in Fig. 39, as
extrapolated from the STM analysis. For ¢tg; < 0.9 nm, most of the nanocrystals are less
than 4 BL-thick, while for ¢g; > 3 nm only a small fraction of the nanocrystals is small
enough to give the SMSC transition. The thickness range between 0.9 and 3 nm is the
one where most of the nanocrystals can show a bulk gap. Evidently, the direct contact
between Bi and Ge on one side and on MgO or Al on the other side could however affect
the electronic properties of the Bi layer, e.g., the band structure, confining potentials,
and effective masses. Thus, the calculated Eé is an upper bound estimation, while,
more realistically, the QSE triggers a decrease of the density of states at the Fermi level,
producing an increase of the bulk resistance for the nanocrystals which fulfill the criteria
for £, > 0.

Therefore, in our experiments, for (0.9 nm < tg; < 3 nm) SCI mainly occurs at the
interface where the spin is injected (Bi/Ge for optical orientation and Bi/Al for FMR-
driven spin injection), thus providing a net SCI signal. This thickness range is re-
ported as an orange band in Figs. 35(b) and 36. Indeed a large Kerr signal, pro-
portional to the electrically-induced spin density at the Bi/Ge interface, is detected for
0.9 nm < tg; < 3 nm, since the presence of nanoislands with a high bulk resistance pre-
vents most of the applied current from flowing at at the top Bi surface (Fig. 35). Thus,
REE at the Bi/Ge interface generates an in-plane spin accumulation with a spin polariza-
tion perpendicular to the current density vector. For tg; > 3 nm, nanocrystals start per-
colating and exhibit lateral sizes larger than Ap. This diminishes quantum confinement,
allowing the spin-polarized electrons to diffuse in the entire film thickness. Since h < /g,
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Figure 37.: Sketch of the chirality of the states with spin-momentum locking at the Bi surfaces.

moe  spin-to-charge conversions at opposite interfaces compensate each other, drastically re-
uo ducing the overall signal. Similarly, for charge-to-spin conversion, when nanocrystals
uz become gradually conducting in the bulk, the electrical current flows at both interfaces,
n2 causing opposite spin accumulations, which tend to cancel each other, decreasing the
23 Kerr signal. We can model the effect of quantum confinement within a simple picture,
24 in which a variable bulk resistance Rp electrically connects the top and bottom metallic
s surface states of resistance Rs. When confinement leads to Rg > Rg, the surface states
us  are electrically disentangled (0.9 nm < tg; < 3 nm), while for ¢g; > 3 nm, Rg ~ Rg and
ur  the charge currents in the top and bottom surface states are shunted through the bulk,
s reducing and then cancelling SCI signals. It is also worth to remind that from ¢g; = 3 nm,
we M surface states at FEr develop at the surface of Bi nanocrystals and of films as shown
un  in Fig. 33. They exhibit a hole character and a spin chirality opposite to the one of T'
un  states (Fig. 34) and thus contribute to the decrease of conversion signals.

132 From the spin-to-charge measurements, we can give an estimation of the 2D-SCI

(a) E

g

\ *

T L T L

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 Ej; = —38 meV is present between the states at L and 7', whereas
Eyr =15 meV is the bandgap at L. In presence of quantum confinement an indi-
rect bandgap Fjig; can be opened.
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Figure 39.: Fraction of the Bi surface, as a function of the Bi thickness, which fulfills the con-
ditions for SMSC transition: ag; < 50 nm, and h < 4 BL. Figure reproduced from

Ref. [118).
optical orientation 60 FMR-driven
= m| a e b
£ wf 5 (a) £ af ',,.D\( )
L L .0
w 20 w 20 o
~< 0 1 1 1 n| ~< 0 1 1 1 =]
1 2 3 4 1 2 3 4
Bi thickness tg; (nm) Bi thickness tg (nm)

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 Arg [eq. (6)]. By assuming that the fraction
of the sample which is active for SCI is the sample surface d covered with semiconducting
nanocrystals, as shown in Fig. 39, we can evaluate the spin current density injected into
the Bi surface by means of the Spicer-like model [eq. (23)] and estimate Arg, as shown in
Fig. 40. We obtain a maximum value of Agg ~ 50 pm for both optical spin orientation
and spin pumping for ¢g; &~ 3 nm. The calculation suggests that the SCI efficiency is
comparable at the Bi/Ge and Bi/Al interfaces. It is important to note that the calculation
of A\rg is performed under the assumption that the bulk resistance of the nanocrystals is
large enough to completely avoid the coupling between interfaces, so that A\gg = 50 pm
represents a lower bound estimation of the SCI efficiency. The value is comparable with
the ones obtained when the Bi is grown on different materials, such as Ag (1 — 300 pm)
[49, 173, 174], Cu (9 pm) [175], or with the case of the Ag/Sb Rashba interface (30 pm)
[173]. From eq. (6) the Rashba-Edelstein length can be expressed as Arg = armm/h
where agr is the Rashba coefficient and 7, is the momentum relaxation time in the
interface states. Exploiting the results from Ref. [176], we estimate ag ~ 1.5 eV - A at
the Bi(110) surface. This produces 7y, ~ 0.2 fs, which is of the same order of magnitude
of what obtained in other Rashba systems [49, 177, 175].
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8. — Summary

In this paper, we have reviewed the main experimental results concerning the spin-
charge interconversion phenomena in group-IV semiconductors, with particular attention
to germanium. It has been demonstrated that Ge is a suitable platfrom to implement
non-local architectures, where spin is optically injected and electrically detected, without
the use of any ferromagnet. In this respect, spin diffusion lengths in low-n-doped Ge at
room temperature of about 10 pm have been measured, a value much larger than the
common sizes of the electronic devices. Moreover, Ge provides for interesting spin-charge
interconversion properties, which can be exploited both in the bulk of the material and
at the surface, where spin-polarized surface states can be detected if thin Bi films are
deposited on top of Ge. Therefore, all these features make Ge a natural candidate as a
hosting material for the design and the engineering of spin-based devices.
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