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By exploiting the spin degree of freedom of carriers inside
electronic devices, spintronics has a huge potential for
quantum computation and dissipationless interconnects'. Pure
spin currents in spintronic devices should be driven by a spin
voltage generator, able to drive the spin distribution out of
equilibrium without inducing charge currents. Ideally, such
a generator should operate at room temperature, be highly
integrable with existing semiconductor technology, and not
interfere with other spintronic building blocks that make use
of ferromagnetic materials. Here we demonstrate a device
that matches these requirements by realizing the spintronic
equivalent of a photovoltaic generator. Whereas a photovoltaic
generator spatially separates photoexcited electrons and
holes, our device exploits circularly polarized light to produce
two spatially well-defined electron populations with opposite
in-plane spin projections. This is achieved by modulating
the phase and amplitude of the light wavefronts entering a
semiconductor (germanium) with a patterned metal overlayer
(platinum). The resulting light diffraction pattern features a
spatially modulated chirality inside the semiconductor, which
locally excites spin-polarized electrons thanks to electric dipole
selection rules?.

The integration of spintronics and photonics represents one
of the most challenging tasks in modern optoelectronics®”. In
this context germanium plays a key role, owing to the large
spin-orbit coupling and long electron spin lifetime®®, integrability
with Si-based electronic platforms, and optical properties matching
the conventional telecommunications window'®"!. In the optical
orientation process’, dipole selection rules for optical transitions
with circularly polarized light allow the excitation of an electron
population in the Ge conduction band with a spin polarization
P=(n,—ny)/(ny+n,) up to 50% (refs 2,12,13), where n,(,, are the
up (down) spin densities (as referred to a proper quantization axis).
This technique exploits the spin-orbit interaction, which allows the
induction of a net spin polarization by manipulating the electron
orbital degrees of freedom with circularly polarized light. The spin-
orbit interaction removes the energy degeneracy between heavy hole
(HH) and light hole (LH) states and split off (SO) states of the
valence band at the I" point of the Ge Brillouin zone: a net electron
spin polarization is obtained when the photon energy is tuned to
the direct bandgap E, (in Ge E;~0.8 eV at room temperature) and
electrons coming only from HH and LH states are promoted to
the conduction band. In Ge, the splitting AEs, between HH-LH
and SO states at I' is rather large, AEso &~ 300 meV, whereas in Si,
for example, AEy, is only 40 meV, which represents a demanding
constraint to avoid excitation of electrons from SO states. Indeed,

although the first demonstration of optical orientation was done
in Si, only very small polarization values are achievable in such a
material', whereas a polarization comparable to those obtained in
III-V semiconductors has been observed at the direct gap of Ge
(refs 2,12,13).

The spin-oriented electrons excited at the bottom of the Ge
conduction band at I are scattered to the L minima within ~300 fs,
partially maintaining the initial spin orientation’. As the electron
spin lifetime in bulk Ge is in the nanosecond ranges, whereas the
hole spin lifetime is much shorter (a few hundreds of femtosec-
onds'®), spin transport phenomena in Ge can be assumed to be
associated mainly with electrons.

Although optical orientation allows the generation of much
higher spin polarizations in semiconductors as compared with
all-electrical spin-injection schemes, only out-of-plane spin
polarizations can be achieved at normal incidence: this limits the
integration with spin-readout blocks, such as magnetic tunnel
junctions, to those exploiting out-of-plane magnetization's.
Mlumination at grazing incidence can comply with in-plane
magnetization devices', although it does not represent a convenient
geometry for optical orientation.

To drive a spin current into a device, one should be able to induce
a spin voltage, which is a difference in the spin splitting of the
electrochemical potential between two points in space. This can be
generated by locally injecting (electrically, optically or thermally) an
excess density of carriers with one spin orientation only. Spin diffu-
sion will then produce a gradient in the spin splitting and thus a spin
voltage between different locations. However, in general such a spin
voltage would also be accompanied by the electron/hole chemical
potential drop. In this respect, the creation of two spin populations
with opposite sign would allow the generation of pure (that is, not
accompanied by electron/hole chemical potential difference) spin
currents, which would also be more intense and more localized than
those achievable when only one population is generated.

To exploit the advantages of complementary spin populations,
one would need to create them over distances shorter than the spin
diffusion length. In this regard, we note that, thanks to the high
refractive index of semiconductors (in Ge ng. ~4.3 at 1=1,550 nm,
corresponding to hv ~ 0.8 eV), the light diffraction limit is much
smaller than the spin diffusion length (which is about 2.5 um in
room-temperature Ge). Therefore this task could be accomplished
by optical orientation through an appropriate engineering of the
light wavefront.

We have addressed these issues by patterning a thin overlayer
onto the semiconductor surface to spatially modulate the phase and
amplitude of the electromagnetic wavefronts on the semiconductor
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Figure 1| Spin voltage generation and experimental set-up for spatially resolved inverse spin Hall effect (ISHE) measurements. a, lllustration of the
working principle for spin voltage generation: when a Pt microstripe is placed on top of a Ge substrate, illumination at normal incidence (z axis) with
right-circularly polarized light (hv =0.8 eV) allows the simultaneous generation of two symmetric spin densities with opposite in-plane spin projections
inside Ge in correspondence with the stripe edges. b, The local spin density projected along the x,y or z axis of photogenerated electrons is proportional to
the Stokes parameter ¢y =2Im(E,E,*), ¢, =2Im(E(E;*) and ¢, =2Im(E,E,*), respectively, with E, E, and E;, being the (complex) components of the electric
field. ¢, Sketch of the sample geometry. d, ISHE detection geometry in the investigated sample: the photo-generated electrons with a spin polarization P,
yield a spin current density Js diffusing along the z axis from n-doped Ge to the Pt layer, where the ISHE provides the conversion of Js into the electromotive
force AVisye, measured at the edges of the Pt layer in correspondence with the 50-nm-thick Au contacts. e, Confocal set-up for spatially resolved ISHE
measurements: the collimated excitation beam enters the photo-elastic modulator (PEM), which modulates the light circular polarization at a frequency
w=>50kHz. The light beam is then focused by a microscope objective (numerical aperture, NA = 0.7) on the Pt microstructures. While a raster scan of the
sample is performed, the differential voltage signal AV/sye is detected by a lock-in amplifier demodulating at w.

sample at normal incidence. This method allows the creation
of a field distribution inside the semiconductor with spatially
engineered chirality with respect to an in-plane quantization
axis (that is, in the direction perpendicular to the wavevector
of the light). The circular polarization state of the light with
respect to a Cartesian reference system x, y, z is described
by the Stokes parameters”® ¢, = 2Im(E.E,”), ¢, = 2Im(E,E.*)
and ¢, = 2Im(E,E,*), with E,, E, and E, being the (complex)

components of the electric field inside the semiconductor along
the x,y and z axes, respectively. The components of the spin
polarization P resulting from optical orientation are proportional
to the Stokes parameters evaluated along the corresponding axes.
The simplest configuration allowing us to obtain sizeable ¢, and ¢,
values consists of a metal stripe deposited on the semiconductor
surface. Figure la presents a pictorial scheme of the investigated
structure and Fig. 1b shows the distribution of the simulated Stokes
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Figure 2 | Measurement of optical spin injection and detection through ISHE. a, 2D optical reflectivity map of the nanostructured Pt/n-doped Ge sample,
monitored by an InGaAs detector. The scanned area is 30 x 30 um. b, Average of a set of 100 horizontal profiles taken across the map in a along the whole
length of the stripes. €, 2D map of the differential voltage signal AV|syg, measured with an excitation photon energy hv=0.8 eV and incident power

W =150 uW. d, Average of a set of 100 horizontal profiles taken across the map in ¢ along the whole length of the stripes. e, Same as b, but obtained with
the Pt stripes rotated by 90° with respect to b. f, Average of a set of 100 horizontal profiles taken across the map in e along the whole length of the stripes.

parameters inside Ge (see the Methods for details) when the stripe
is illuminated at normal incidence with a circularly polarized plane
wave and a photon energy resonant with the Ge direct band gap. The
light scattering at the stripe edges creates a local field with ¢, (with
x parallel to the stripe long axis) and ¢, distributions (Fig. 1a) that
excite two spatially separated populations of spin-oriented electrons
with opposite spin projections in the sample plane. In contrast the
simulated ¢, parameter shows that when z (perpendicular to the
sample surface) is chosen as the quantization axis, only one spin
population is generated below the metal overlayer. Notably, the
simulations of Fig. 1b show that in the proximity of the stripe edges
the absolute values of c,, ¢, and c, are roughly equal, indicating
that a significant in-plane spin polarization projection is generated
immediately underneath the metal layer, with an angle between
the averaged spin polarization vector and the plane of the device
below 60°. This effect does not depend on the particular choice of
the semiconductor/patterning material combination, but rather on
the geometry of the patterning and on the dipole selection rules
for the semiconductor. Notably, this concept can be confined to
sub-micrometer scales (see below) and extended to a wide range
of architectures and different semiconductor/patterning material
combinations. Moreover, we stress that, at variance with the spin
solar cell reported in ref. 4, where a net charge current is obtained
together with spin diffusion, our device generates a pure spin
electrochemical potential drop inside the semiconductor that is
totally decoupled from any charge separation. In fact, possible
charge currents induced by photoelectric effects are sensitive only to
the intensity of light and not to its polarization state. As the stripes
are symmetric, there cannot be any electric potential difference
across them. In perspective, this could allow, together with the
submicrometric control and manipulation of the spin dynamics,
the exploitation of the dissipationless features provided by pure

spin transport. For all the reasons listed above, and thanks to
the easy integrability with current semiconductor technology, we
believe that the proposed architecture could represent an important
complementary device adding new functionalities to the palette of
tools available at present for spintronic applications.

The device described in Fig. 1a has been realized by uniformly
evaporating a 4-nm-thick Pt layer on top of an As-doped Ge sub-
strate (5 x 5mm? Ny=2 x 10" cm™). A set of Pt stripes (length
20 wm, height 20 nm, width 2 um, separated by 3.6 um) has been
obtained by electron beam lithography followed by a second evapo-
ration step (see Methods and Supplementary Section A for further
details). With this geometry, we find that the spin polarization of the
photoexcited electrons is projected onto the sample plane with high
efficiency compared with non-patterned devices exploiting optical
spin injection at grazing incidence”. Indeed, we have calculated
that the maximum ¢, value that can be obtained in a Ge sample
covered with a uniform 4-nm-thick Pt layer is about one half of the
maximum value obtained with the present set-up.

Pt has been chosen as the patterning material because, thanks to
its high atomic number, it effectively functions as a spin detector.
Spin accumulation can be revealed because it induces a spin current
diffusing in Ge towards the Pt/Ge interface'. Injection of a spin
current density J, into the Pt layer gives origin to the inverse spin
Hall effect (ISHE) via spin-dependent scattering with Pt nuclei
(Fig. 1e), resulting in the generation of an electromotive field Ejgy
(refs 20,21)

Eisue = Disuels X up
where Dy is a coefficient that represents the ISHE efficiency

and up is the unit vector corresponding to the direction of the
spin polarization P. We can then measure the electromotive force
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Figure 3 | Simulations and comparison with the experimental data. a,b, Finite-difference time-domain (FDTD) numerical simulations showing the map of
¢y (@) and ¢, (b) obtained when a Gaussian light beam (hv =0.8 eV, full-width at half-maximum w=1.5um) is shone on one edge of the Pt stripe. Note that
both ¢, and ¢, exhibit a net positive average value. The simulated region is 6 x 6 x 6um3, with an adaptive mesh size down to 2 nm in the proximity of the
stripe edges. ¢,d, Comparison between the AV|sye average profile obtained across a 2-um-wide Pt stripe by setting the ISHE sensitivity axis perpendicular
or parallel to the stripe axis (as in Fig. 2d,f, respectively) and the corresponding calculated ¢, (¢) or ¢ (d) normalized value integrated over the whole

simulation region as a function of the beam position across the Pt stripe.

AVisug = Egug - d generated between two Au contacts evaporated
at the edges of the Pt layer (Fig. 1c,d), d being the lateral size of
the region from which electrons diffuse into the Pt overlayer (see
Supplementary Section B). Owing to the position of the Au contacts
(Fig. 1d), A Vg is determined by the Egyz component pointing
along x. As]J, is parallel to the z direction, our set-up is thus sensitive
to the y component of P.

By using uniform illumination, as shown in Fig. 1a, the opposite
spin populations generated at the two edges of the stripe provide
spin current densities that counterbalance each other, giving rise to
a null AVig;. Therefore, to separately detect each spin population,
one needs to break the illumination symmetry. A diffraction-limited
confocal set-up (numerical aperture 0.7, giving a full-width at half-
maximum beam size w ~ 1.5 um) has been exploited to selectively
generate the desired spin density at each edge of the Pt stripe
(Fig. 1d). At the same time, the optical reflectivity signal of the set
of Pt stripes has been monitored by an InGaAs detector (Fig. 2a,b).
All measurements have been performed at room temperature.

The two-dimensional (2D) scan of Fig. 2¢, performed with an
incident light power W = 150 uW, clearly shows a strong A Vg
signal changing sign across the stripes. When the Gaussian beam
illuminates one of the ridge edges along the y axis, we observe a
dramatic increase of the ISHE signal, which, in this geometry, is
sensitive to the spin component perpendicular to the stripe long

edge of photo-generated electrons entering the Pt layer. A reversed
effect is observed on the opposite stripe edge. A similar result
is obtained when the stripes are rotated with respect to the Au
electrodes and the ISHE sensitivity axis is set parallel to the stripe
edges (Fig. 2e). Asymmetries in the absolute value of the profiles
have to be ascribed to photoelectric effects associated with a residual
light intensity modulation. Such effects induce a variation of the
instrumental background in correspondence with the stripes, which
have a different reflectivity from that of the surrounding film (see
Supplementary Section C). Slight aberrations of the light beam
might also contribute to these asymmetries.

By applying a one-dimensional spin drift-diffusion model (see
Supplementary Section B), and noting that, at hv = Eg4, |P|~50%,
we estimate that the majority of the electrons enter the Pt over-
layer before depolarizing. This result stems from the light absorp-
tion length in Ge (*2.2um at hv =0.8eV) being comparable to
the spin diffusion length Ag. ~ 2.5 um of the conduction band
electrons along the L states®”. Notably, the maximum absolute
value of AVige (AVigyr =24V at W =150 uW), when properly
normalized to account for the different experimental set-ups (see
Supplementary Section B), is similar to the value measured on a
device exploiting optical orientation at grazing incidence'. This
gives an experimental confirmation of the efficiency and reliability
of the present configuration.
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Figure 4 | Photon energy, excitation power and stripe width dependence
of the ISHE signal. a, AV/|sye normalized by the incident power W, as a
function of the incident photon energy hv. AV|syg/W is maximum when
hv=0.8¢eV, in resonance with the Ge direct bandgap at room temperature,
and follows the initial electron spin polarization curve discussed in the
literature. b, AV|sye as a function of the incident power. The dotted line
represents a linear fit. ¢, Dependence of the differential voltage signal
AVsye on the Pt stripe width for an incident photon energy hv=0.8 eV and
W =150 uW. The grey bands indicate the stripe position.

Numerical simulations allow us to correlate the experimental
AVige map with the in-plane spin density of photogenerated
electrons in the Ge wafer. Figure 3a,b shows maps of ¢, and c,
calculated when the light beam is centred on one of the edges of the
Pt stripe. The resulting interference pattern indicates non-zero c,
and o values, which correspond to the detection of a net ISHE signal
in the experimental geometry of Fig. 2¢,e, respectively. Figure 3¢,d
shows the comparison between the A Vigy; measured with an ISHE
sensitivity axis perpendicular or parallel to the Pt stripe and the
calculated ¢, and c, values integrated over the Ge volume as the laser
beam is moved across the stripe. The A Vg and integrated ¢, and c,
normalized profiles are in excellent agreement, demonstrating that
the ISHE signal delivers an accurate mapping of the spin density.

To demonstrate the spin-related origin of the signal, we have
repeated the above measurements, replacing the Pt overlayer with
a Cu overlayer. A negligible ISHE voltage was obtained in this
case (see Supplementary Section D), in agreement with the much
smaller spin-dependent scattering occurring in Cu with respect
to Pt. However, the ISHE signal is promptly retrieved when a Pt
layer is inserted between the Cu layer and the Cu stripes (see
Supplementary Section D), thus demonstrating the genuine origin
of the detected signal. The angular dependence of the ISHE signal
(see Supplementary Section E) was also investigated: the results are
completely in line with our interpretation.

The measured voltage signal AV depends on the incident
photon energy. When the photon energy hv is resonant with the
Ge direct gap, only degenerate HH and LH states at I partici-
pate in direct optical transitions to the conduction band. When
hv~ E4+ AEgo, SO states are also involved in the transitions and the
initial electron spin polarization is reduced>*. This trend is shown
in Fig. 4a, where A Vg, normalized by the incident power W, is
shown as a function of hv. AVigy/W is maximum for hv =0.8 eV
and becomes negligible when hv =1.76 eV, in excellent agreement
with theoretical calculations®.

Figure 4b reveals instead that, up to W =400 uW, the dependence
of the ISHE signal, measured for hv =0.8¢€V, is linear with the
number of initial spin-oriented electrons, ruling out a significant in-
fluence of sample heating, which, by increasing electron scattering,
generally lowers the spin lifetime. Conversely, spin-related thermal
effects such as those reported in refs 23,24 can be excluded, as they
can manifest only in proximity to a ferromagnetic material.

We have also repeated the measurements by varying the stripe
width from 4 um down to 500 nm (Fig. 4c). Interestingly, A Vigue
follows the same behaviour within the entire investigated width
range, whereas the slight decrease of the signal dynamics when
decreasing the stripe width can be rather attributed to the com-
bined effect of the diffraction-limited spatial resolution of our set-
up and the smearing of the two complementary spin distribu-
tions as electrons diffuse towards the Ge/Pt interface (see Sup-
plementary Section B). This paves the way towards engineer-
ing an ordered array of complementary spin densities within the
nanometric scale, as demonstrated for the stripe set with 500 nm
width, even in confined geometries in both in-plane directions (see
Supplementary Section E).

In conclusion, we have designed and experimentally tested a
Ge-based opto-spintronic device that works as a spin photovoltaic
generator that provides the simultaneous generation of two spatially
separated populations with opposite spin projection in the plane of
the device when circularly polarized light is absorbed. The optically
induced spin voltage can be properly engineered by varying the
stripe dimensions, while different combinations of semiconductor
and patterned overlayer materials can be employed. In the proposed
device it is possible to switch the sign of the pure spin photovoltage
by reversing the circular polarization of the incoming light. Given
that the low injection power prevents possible problems related to
saturation, the operational frequency of the spin voltage reversal
is limited by the modulation frequency of the light ellipticity. The
simplicity of the proposed devices makes them appealing in a wide
range of spintronics applications.

Methods

Set up. Continuous-wave laser diodes at hv=0.8,1.26,1.57 and 1.76 eV were
employed as light sources. The polarization of the light entering the confocal
set-up was switched between two opposite circular states at a frequency
®=50kHz by means of a photo-elastic modulator (PEM). The ISHE signal
between the two Au electrodes was then demodulated by a lock-in amplifier at
the fundamental frequency. The signal demodulated at the second harmonic was
also detected to monitor possible artefacts associated with residual light intensity
modulation (see Supplementary Section C).

Sample. Pt films (nominal thickness 4 nm) were deposited by electron-beam
evaporation on a cleaned n-type (As-doped) Ge wafer (Ny=2 x 10'® cm®). Stripe
of Pt 20 nm in thickness with variable widths (500 nm, 1 pwm, 2 um and 4 um) and
identical lengths (20 um), as well as discs 450 nm in diameter (see Supplementary
Section A) were fabricated using a positive pattern process by electron-beam
lithography. A poly(methyl methacrylate) resist was exposed to a 300 uC cm™
dose at 30 keV. After the development process obtained by a solution of
methyl-isobutyl-ketone and isopropanol (1:3) for 90 s at room temperature,
20 nm of Pt (or Cu, see Supplementary Section D) was evaporated to create the
metallic stripe- and disc-shaped discontinuities. Gold pads (nominal thickness
100 nm, width 600 um, length 5 mm, spacing 5 mm) were then evaporated on the
Pt (or Cu) film. To improve gold adhesion, an extra 3-nm-thick Ti layer was
evaporated before gold deposition.
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Numerical simulations. Full vectorial three-dimensional electromagnetic
simulations were performed by the finite-difference time-domain (FDTD)
approach, employing commercial software (FDTD Solutions, version 8.5.3,
Lumerical Inc). The dielectric functions of Pt and Ge have been obtained from
refs 25,26, respectively. The simulated region was 6 x 6 x 6um?, with an adaptive
mesh size down to 2nm in proximity to the stripe edges. For the simulation of
the line scan (Fig. 3b), ¢, and ¢, signals have been integrated inside the Ge film
all over the simulation volume as a function of the scanning Gaussian

beam position.
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