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Probing the in-plane electron spin polarization in Ge/Si0.15Ge0.85 multiple quantum wells
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We investigate spin transport in a set of Ge/Si0.15Ge0.85 multiple quantum wells (MQWs) as a function of the
well thickness. We exploit optical orientation to photogenerate spin-polarized electrons in the discrete energy
levels of the well conduction band at the � point of the Brillouin zone. After diffusion, we detect the optically
oriented spins by means of the inverse spin-Hall effect (ISHE) taking place in a thin Pt layer grown on top of the
heterostructure. The employed spin injection/detection scheme is sensitive to in-plane spin-polarized electrons,
therefore, by detecting the ISHE signal as a function of the photon energy, we evaluate the spin polarization
generated by optical transitions driven by the component of the light wave vector in the plane of the wells. In this
way, we also gain insight into the electron spin-diffusion length in the MQWs. The sensitivity of the technique
to in-plane spin-related properties is a powerful tool for the investigation of the in-plane component of the spin
polarization in MQWs, which is otherwise commonly inaccessible.
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Group-IV semiconductors offer the opportunity of exploit-
ing spin-related phenomena in platforms that are compatible
with mainstream Si-based technology [1–4]. Among them,
germanium allows for long spin-diffusion lengths [5–8] and
efficient injection [9] and detection of spin-polarized electrons
either in Ge itself [10,11] or in Ge-based heterostructures
[12]. The investigation of Ge-based multiple quantum wells
(MQWs), owing to the reduction of the dimensionality, adds
characteristic features. Indeed, the removal of the inversion
symmetry at surfaces or interfaces causes Rashba [13] or
Rashba-Edelstein [14] effects to appear. Moreover, quantum
confinement and strain effects cause the removal of the de-
generacy between heavy-hole (HH) and light-hole (LH) states
at the � point of the Brillouin zone, which is of particular
interest for optical orientation [15,16]. Indeed, this allows a
fully polarized spin population to be generated at the � point
of the conduction band of the well [17] upon the absorp-
tion of circularly polarized photons. In the case of Ge/SiGe
MQWs this population preserves its spin character over long
timescales [18].

It is worth noting that, differently from bulk systems, in
MQWs the unit vector of the spin polarization uP is not
parallel to the light wave vector k [16]. This can be seen
either as due to the symmetry reduction in a low-dimensional
system or as a consequence of the different probabilities
for optical transitions excited by circularly polarized electric
fields projected normally to the in-plane or the out-of-plane
component of the light wave vector k [19]. Since many spin-
based devices (e.g., magnetic tunnel junctions, read heads of
hard-disk drives) make use of in-plane magnetization [20],
and since the Rashba-Edelstein effect [13,14] depends only on
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the in-plane spin component of the carriers, the knowledge of
in-plane spin polarization P‖ would be especially important.
However, while it is usually quite simple to directly address
the spin polarization P⊥ generated by a light beam impinging
out of plane on the MQWs [17,18], technical problems in the
illumination and the detection process make it rather difficult
to have access to P‖ (generated by optical transitions driven
by the in-plane component of k). A possible solution of this
issue requires the exploitation of planar waveguides based on
MQWs [21,22], which, however, would need to be engineered
to be polarization insensitive. Here, we demonstrate that a
Pt/MQW structure can be employed to directly infer from
experimental measurement the dependence of the electron
spin polarization P‖ on the incident photon energy, and thus
to determine the effect of the in-plane component of the light
wave vector k on spin-related properties.

In this paper, we investigate the spin transport in Ge/SiGe
MQWs for different well thicknesses. Spin-polarized elec-
trons are photogenerated in the discrete conduction levels at
the � point of Ge wells by exploiting the optical orientation
technique [15,16,23]. Within 100 fs, electrons are scattered
to the L valleys [24], preserving their spin polarization [18].
They then diffuse towards a thin Pt film grown on top of
the MQW structure, since the L states are not well confined.
Inside Pt, they are subject to the inverse spin-Hall effect
(ISHE) [25,26], i.e., to a spin-dependent scattering which
transforms the optically injected spin current density js into
a charge current density jc. Following the phenomenological
ISHE relation [3], we have

jc = γ js × uP, (1)

with γ being the efficiency of the spin-to-charge conversion,
usually indicated as the spin-Hall angle. We use Pt as a
spin detector due to the large γ value (γPt ≈ 0.1 [27–31]).
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FIG. 1. Samples and experimental geometry. (a) Sketch of the
samples. Symbols tb and tw represent the thickness of the barrier
and the well, respectively, which vary from sample to sample. The
spin generation occurs inside the Ge well. Spins are then transferred
to the Pt layer. We acquire the electric signal due to spin-to-charge
conversion in Pt between two Au contacts. (b) Sketch of the energy
levels mostly contributing to optical transitions. Gray dashed lines
represent the modulus squared of the wave functions corresponding
to the energy levels. (c) Experimental setup.

It is worth noting that the employed spin injection/detection
scheme is completely free from ferromagnetic materials,
which simplifies the fabrication and makes the device intrinsi-
cally robust against external magnetic fields. The ISHE signal
is measured under open circuit conditions as a voltage drop
�VISHE across two electrodes placed at the edges of the Pt
film. Since in this configuration �VISHE is sensitive only to
the in-plane component of the spin polarization normal to
the contact direction (Px) [32–34], we show in the following
that the investigation of the ISHE signal as a function of
the impinging photon energy allows the spectral dependence
of P‖ to be addressed. Notably, our experimental findings

are in agreement with tight-binding calculations. This points
towards the exploitation of such a spin injection/detection
scheme for directly accessing spin-related properties which
are not otherwise accessible using common spin polarization
measurement techniques.

In Fig. 1(a) we report the structure of the investigated sam-
ples. We employ the low-energy plasma-enhanced chemical
vapor deposition technique to grow high-quality group-IV
heterostructures [35]. On a 500-μm-thick Si(100) substrate,
we grow a buffer graded from pure Si to fully relaxed
Si0.09Ge0.91 with a grading rate of 7%/μm and a 2-μm con-
stant composition layer (total thickness: 13 μm). This serves
as a virtual substrate for the growth of the first Si0.15Ge0.85

barrier of the Ge quantum well. Then, we grow 50 periods
of Ge wells and Si0.15Ge0.85 barriers, with well and barrier
thicknesses as reported in Table I. The structure is then
terminated with a 4-nm-thick Pt layer, on which we deposit
two Au contacts for the acquisition of the electric signal. Au
and Pt are grown by e-beam evaporation. The direction along
the electrodes [y axis in Fig. 1(a)] is parallel to the [110]
crystallographic direction of the MQWs. In the following, we
name the samples A–D, characterized by different barrier (tb)
and well (tw) thickness values, as reported in Table I. The table
also shows that there is a good agreement between the energy
of the direct optical transitions [a sketch of the discrete energy
levels is shown in Fig. 1(b)] that we extrapolate from pho-
toreflectance measurements (see the Supplemental Material
for details [36]) and the results obtained from tight-binding
calculations (see below). Notably, the photoreflectance tech-
nique is sensitive also to optical transitions between QW states
with different principal quantum numbers, which are barely
visible in transmission [37], making it a better benchmark for
tight-binding calculations.

To theoretically estimate the energy-resolved absorption
coefficient and the initial optical polarization spectrum,
we used a first-neighbor tight-binding (TB) Hamiltonian
description of our Ge/SiGe MQW samples [39,40]. The
semiempirical parametrization adopted in our model uses
sp3d5s∗ orbitals in both spin configurations, and the values of
the associated TB parameters for the Si and Ge crystals have
been taken from Refs. [41,42], respectively. The SiGe barriers
have been described by a linear interpolation of the Si and Ge

TABLE I. From the left to the right: Relevant geometrical parameters of the investigated MQW samples, tw and tb being the thickness
of the well and the barrier, respectively, as extrapolated from X-ray diffraction measurements [37,38] (see Supplemental Material for details
[36]), energies of the optical transitions between discrete levels around the direct Ge gap, as extracted from the fitting of photoreflectance
measurements (see Supplemental Material for further information [36]), and, in square brackets, the results of tight-binding calculations.

Sample tw tb HH1 → c�1 HH2 → c�1 LH1 → c�1 HH3 → c�1 HH1 → c�2 HH2 → c�2
(nm) (nm) (meV) (meV) (meV) (meV) (meV) (meV)

A 10.7 14.8 902 913 936 974 1016 1045
[900] [930] [934] [974] [1023] [1053]

B 12.8 17.7 889 907 918 950 981 1004
[886] [909] [918] [944] [985] [1007]

C 14.6 20.1 879 902 915 956 977
[878] [896] [909] [924] [960] [978]

D 16.1 22.1 872 892 906 927 954
[873] [889] [903] [914] [947] [962]
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FIG. 2. Calculated absorption coefficient (α, green dotted line)
and measured optical density (OD, orange continuous line) as a
function of the photon energy for samples A–D [reported in (a)–(d),
respectively]. Vertical gray dotted lines show the calculated energies
of the main optical transitions.

parameters. Finally, since the parametrization of Refs. [41,42]
holds at low temperature, a rigid shift of −90 meV of the
conduction bands has been applied to take into account the
temperature-induced band-gap shrinkage. Following the pro-
cedure outlined in Ref. [43], the dipole matrix elements have
been expressed in terms of the hopping Hamiltonian parame-
ters and of the first-neighbor ion positions in the strained lat-
tice. To calculate the spectrally resolved absorption coefficient
and the optical polarization spectrum, the Ge/SiGe MQW
Brillouin zone has been sampled in the neighborhood of the
� point with a grid featuring 800 nodes. Finally, to properly
take into account the effects due to the coherent superposition
of the doubly degenerate final states in the conduction band,
the spin polarization along an arbitrary direction, induced by
circularly polarized light propagating in the QW region with a
given incidence angle, has been calculated as the expectation
value of the density matrix operator, as reported in Ref. [16].

In Fig. 1(c) we show the experimental setup that we em-
ploy for the ISHE measurements. Electron spins are optically
oriented using the monochromatized light (typical bandwidth
of 10 meV) of a supercontinuum laser [44]. The circular
polarization of the light beam is modulated at 50 kHz by a
photoelastic modulator (PEM) [32,33]. Within the reference
frame of Fig. 1(a), the Ohmic contacts can detect a current
density jc parallel to the y axis. The spin current density js

flows from the MQW to the Pt layer, thus it is directed along
the z axis [32–34]. Hence, Eq. (1) imposes that �VISHE is
sensitive only to the x component of the spin polarization Px

(i.e., P‖). To obtain a significant Px, the light beam illuminates
the samples in an off-normal configuration. This is obtained
by partially filling off-axis a 0.65 numerical aperture objective
[11,45–47]. The light is focused on the sample at a polar
angle of ϑ ≈ 30◦, resulting in a polar angle inside the Ge
layer of ϑGe ≈ 6.6◦, almost constant within the investigated
photon energy range. The ISHE signal is then extracted with
a lock-in amplifier by demodulating the voltage drop across
the electrodes at the PEM frequency. All measurements have
been performed at room temperature.

In Fig. 2 we compare, for all the investigated sam-
ples, the absorption coefficient α(h̄ω) resulting from the

FIG. 3. Experimental results (blue circles) of �VISHE normal-
ized to the photon flux �ph for samples A–D [in (a)–(d), respec-
tively]. The experimental error of the measurement is within the
size of the circles. The dark lines represents fits of the Spicer-
like model [Eq. (2)], and is proportional to Px α (calculated). The
light blue arrows are placed close to the absorption edges of the
MQWs.

calculation (green dotted line) with the measured optical
density (OD) of the MQWs (orange continuous line). The
measured OD is defined as −log10[TS(h̄ω)/TR(h̄ω)], where
TS(h̄ω) is the transmission spectrum of the MQW sample
and TR(h̄ω) that of a reference substrate which, in our case,
consists in a Si0.09Ge0.91 relaxed buffer grown on Si. The cal-
culated absorption coefficient nicely matches the experimental
measurement. The slight difference between the two is related
to excitonic absorption peaks that we do not account for in our
calculations. In any case, the comparison between predicted
and measured absorption spectra points towards the reliability
of our theoretical approach.

In Fig. 3 we report the value of �VISHE normalized to
the flux of the incident photons �ph. For all the samples
we can identify two shoulders, highlighted in Fig. 3 with
light blue arrows. From Table I we attribute the first shoulder
to the overall contribution of HH1 → c�1 and LH1 → c�1
transitions and the second shoulder to HH2 → c�2. From
sample A to sample D the energy difference between the
two shoulders decreases, as expected, due to the increase
of the well thickness. The spin-related nature of the ISHE
signal is confirmed [11,32,34,47] as reported in Supplemental
Material [36].

The ISHE spectra can be interpreted on the basis of a
simple one-dimensional spin drift-diffusion model with the
absorption coefficient α and the initial spin polarization within
the QW Px as input parameters. It is indeed found that the
�VISHE dependence on α and Px is expressed by the so-called
Spicer-like formula [47,48] as

�VISHE(h̄ω) ∝ Px(h̄ω)
α(h̄ω) 	s

1 + α(h̄ω) 	s
, (2)

with 	s being the effective spin-diffusion length of the MQWs
along an out-of-plane path. Here, in order to gain insight into
the spectral dependence of the ISHE signals, we compute
the value of Px resulting from the same tight-binding model
employed for the estimation of α (see Fig. 2). We report in
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FIG. 4. In-plane (Px , brown dotted line) and out-of-plane (Pz,
light blue dashed line) component of the spin polarization as a func-
tion of the photon energy calculated for an incident angle ϑGe = 6.6◦

for samples A–D [respectively reported in (a)–(d)]. Red circles show
the value of Px obtained from experimental measurements as detailed
in the text. Note the different spectral features of Px and Pz due to the
symmetry reduction in MQWs.

Fig. 4 the component of the spin polarization at the time of
generation projected along the x and z axes [reference frame
of Fig. 1(a)], Px (brown dotted line) and Pz (light blue dashed
line), respectively, calculated for ϑGe = 6.6◦. Since in MQWs
the direction of the spin polarization uP is not parallel to
the light wave vector k due to symmetry reduction, it is not
possible to exploit the simple definition Px = P sin ϑGe and
the spectral shapes of Px and Pz (i.e., P⊥) are different. The
out-of-plane component reaches a value close to 100% for all
the investigated samples, whereas Px remains almost constant
at 2% after the onset of the HH1 → c�1 transitions, while a
dip occurs corresponding to the HH2 → c�2 transition. Here,
we point out that the small absolute value of Px is related to the
small polar angle ϑGe exploited in our experimental geometry.
The tight-binding model predicts values of Px which could
reach 20% as ϑGe approaches 90◦.

The dark line in Fig. 3 shows the best fit of �VISHE/�ph

obtained with the Spicer-like model [Eq. (2)]. We exploit the
computed α and Px parameters reported in Figs. 2 and 4,
respectively, convoluted with a Gaussian function account-
ing for both the inhomogeneous broadening of the energy
states and the bandwidth of the light source. The best fit
for all the investigated samples yields �VISHE ∝ Px α, which
means that the Spicer-like model only provides the upper
constraint 	s 	 α−1 [see Eq. (2)]. In the investigated energy

range, the maximum value of the absorption coefficient is
α ≈ 200 cm−1, hence 	s 	 α−1 ≈ 50 μm for all the MQWs.

We can analyze the signal intensity to estimate a lower
bound for 	s. Indeed, by dividing the measured �VISHE/�ph

by the electrical resistance (RPt ≈ 200 
), we obtain the value
of the equivalent charge current iISHE/�ph in the Pt layer.
Then, if we assume γPt = 0.1 [27–31], we can estimate the
spin current needed to produce the detected �VISHE. Such a
current can also be estimated directly from the Spicer-like
formula [47,48]. In the limit 	s 	 α we obtain [47,48]

is
�ph

= q δ A α 	s Px = �VISHE

�ph RPt γPt
, (3)

being A the area of the spot size on the sample surface, q
the elementary charge, and δ < 1 a factor accounting for the
presence of the Schottky barrier, which reduces the number of
spins entering into Pt [47–49]. From this identity we can find
the value of 	s, obtaining 	s � 200 nm for all the investigated
samples and photon energies for vertical spin transport in
Ge/SiGe MQWs. The lower bound in the estimation of 	s

corresponds to the case δ = 1. It is worth mentioning that the
range of 	s we extract from our measurements is in agree-
ment with previous estimations of the spin-diffusion length in
GaAs/AlGaAs quantum wells [50,51].

Since the Spicer-like model gives �VISHE ∝ Px α (the con-
stant of proportionality being known from the best fit), the
measurements of �VISHE and of the OD (properly scaled
to fit the calculated α) can be used to directly estimate Px.
In Fig. 4 we report the results of this procedure. Notably,
this experimentally inferred Px value nicely agrees with the
calculated values, for all the investigated samples. In partic-
ular, the comparison between the two is good for samples
A and B, while, from the theoretical predictions, a slightly
larger value of Px should be expected below 925 meV for
samples C and D. In any case, we can conclude that measuring
�VISHE can directly provide information about the in-plane
spin polarization, which is inaccessible to other experimental
techniques.

In conclusion, we have exploited a spin injection/detection
scheme in a Pt/MQW system, based on optical orientation
of spin-polarized electrons in the quantum wells, and ISHE
detection in the Pt layer. This yields, for all the investigated
MQWs, a spin-diffusion length 	s in the range between hun-
dreds of nanometers and a few micrometers for vertical spin
transport. Moreover, the sensitivity of the technique allows
the in-plane spin-polarization to be experimentally estimated,
which we find to be in good agreement with theoretical
predictions.

[1] J. Fabian, A. Matos-Abiague, C. Ertler, P. Stano, and I.
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