Pure spin currents in Ge probed by inverse spin-Hall effect
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We perform photoinduced inverse spin-Hall effect (ISHE) measurements on a Pt/Ge(001) junction at room
temperature. The spin-oriented electrons are photogenerated at the I' point of the Ge Brillouin zone using
circularly-polarized light. After the ultrafast I' — L scattering in the Ge conduction band, electrons diffuse
into the Pt layer where spin-dependent scattering with Pt nuclei yields a transverse electromotive field Eisyg.
The ISHE signal dependence as a function of the incident photon energy is investigated and interpreted in
the frame of a one-dimensional spin drift-diffusion model. This allows estimating the electron spin lifetime at

the L-valleys to be 73, = 1 ns.

The study of spin injection and transport in semi-
conductors lies at the core of spintronics™ An effi-
cient tool to generate spin populations in semiconduc-
tors is represented by optical orientation? In this tech-
nique, dipole selection rules for optical transitions with
circularly-polarized light allows for the injection of a
spin-oriented electron population in the conduction band
of the semiconductor with a spin polarization P =
(ny —ny)/ (ny +ny), being nqyy) the up-(down-) spin
densities referred to the quantization axis given by the
direction of light propagation in the material.

Spin-orbit interaction plays a fundamental role in this
process, removing the energy degeneracy between heavy
and light holes (HH and LH) states and split off (SO)
states at the I" point of the semiconductor Brillouin zone.
A net electron spin polarization is then achieved when the
photon energy is tuned to the direct bandgap and elec-
trons coming only from HH and LH states are promoted
to the conduction band.

The first demonstration of optical orientation was done
in Si:¥ however, the small energy splitting AE,, = 44
meV between HH-LH and SO states at I and the indirect
nature of the Si electronic gap have prevented further
optical investigations on bulk Si and promoted, on the
other hand, many studies on Ge and GaAs, which are
characterized by a higher spin-orbit interaction (AEs, =
0.29 and 0.34 eV for Ge and GaAs, respectively). In this
materials optically-injected spin currents can reach spin
polarization values up to 50% in bulk semiconductors**®
or even larger in semiconductor nanostructures S0

In this respect it would be highly desirable to imple-
ment the control of the spin degree of freedom in Ge-
based heterostructures, which can be integrated on the
common Si-based electronics platform. In bulk Ge the
energy difference between direct (Eq = 0.80 ¢V) and in-
direct (E; = 0.66 eV) bandgap is only 140 meV at room
temperature. This means that electrons photo-excited
close to the I' point undergo a fast thermalization to the
L-valleys within about 300 fs so that the electron trans-
port in Ge generally occurs at the indirect gap™ The
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I" — L scattering partially preserves the initial electron
spin, as observed in low-temperature spin-resolved pho-
toluminescence measurements 8 Moreover, in the past
years, spin pumping experiments at room temperature
have demonstrated the possibility to achieve spin accu-
mulation in the Ge conduction band *? which can be con-
sequently detected inside Ge by means of inverse spin-
Hall effect2Y The relatively long electron spin-lifetimes,
predicted®22 and experimentally measured?3'2% in Ge,
together with the “quasi direct” bandstructure of Ge,
make this material a promising candidate for the imple-
mentation of devices where spins are optically injected
and electrically detected.

In the following, we will show that an optically-injected
spin current can be generated in the Ge conduction band
and detected by means of a thin Pt layer, grown on top
of the bulk Ge substrate. Spin polarized electrons en-
tering the Pt film from the semiconductor undergo spin-
dependent scattering events which result in transverse
electromotive field Figgr at the edge of Pt, a process
known as inverse spin-Hall effect (ISHE)2” We will dis-
cuss the photon energy dependence of the ISHE signal by
exploiting a one-dimensional spin-drift diffusion model
which allows for the estimation of the electron spin life-
time at the L-valleys.

The sample structure together with the experimental
geometry are sketched in Fig. Alyxl, =5x5
mm? 4 nm-thick Pt layer is deposited by e-beam evap-
oration on a 450 pm-thick As-doped Ge(001) substrate
(Np = 1.7 x 10*¢ ¢cm™3). Two 50 nm-thick Au/Ti con-
tacts are evaporated at the edges of the Pt layer in order
to measure the electromotive force produced by the ISHE
process in Pt.

ISHE measurements were performed at room temper-
ature. The sample was illuminated with a collimated
monochromatic beam with a spot size d ~ 4 mm from
a Ti-sapphire tunable laser, which provides photons in
the spectral range from 1.2 to 1.8 eV. Two CW lasers
were used for ISHE measurements at 1 and 0.8 eV ex-
citation energy. We exploited a photo-elastic modulator
(PEM) operating at 50 kHz to modulate the light cir-
cular polarization. The differential electromotive force
AV between the two Au electrodes (see Fig. [Th) was de-
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FIG. 1: (Color online) (a) Sketch of the Pt/Ge(001)
sample and the experimental geometry: 6 is the angle
between the direction of the incident light uy and the
normal n to the sample surface, whereas ¢ is the angle
between the projection of uy in the sample plane and
the z axis. (b) Pt/Ge Schottky junction and band
alignement at the Pt/Ge interface: under illumination
with circularly-polarized light and open-circuit
conditions, a spin current density Js is generated in the
Ge conduction band, flowing toward the Pt/Ge
interface along the L-valleys. The measured Schottky
barrier height is £g = 0.62 eV, in good agreement with
the reported values of Ref.

tected by a lock-in amplifier. The sample was mounted
on a multi-axial stage, which allowed the rotation of the
sample around the polar angle § and the azimuthal angle
¢, defined in Fig. [Th.

The optical orientation process generates spin-
polarized electron-hole pairs around the I' point of the
Brillouin zone. Due to the fact the the hole spin lifetime
is in the fs range?? it is a good approximation to con-
sider the holes completely depolarized right after the pho-
tocreation, so that most of the spin current density Jg,
flowing into the Ge substrate, is carried by spin-oriented
electrons. Moreover, due the optical orientation process
does not inject any net charge in the semiconductor, but
the two electron spin populations are unbalanced, a pure
spin current is generated into Ge. As a consequence of
the ultrafast I' — L scattering in the Ge conduction band,
spin-oriented electrons diffuse along the L-valleys toward
the Pt layer. The Pt/Ge interface has been electrically
characterized by measuring the I-V curves (not shown)
from a similar Pt/Ge junction, where an ohmic AgSb
back contact was grown on the Ge substrate. The height
of Schottky barrier is Fg = 0.62 eV, as indicated in Fig.
[Ip, in agreement with reported values of Ref.

When entering the Pt layer, spin-oriented electrons
scatter with Pt nuclei: as a consenquence, a trans-
verse voltage difference AV is measured at the edges
of the Pt film, where AV = FEisgg - d and Eiggg =
Disur(Js X P)7 being Disggr a constant representing
the efficiency of the ISHE process. Due to the fact that
Js can be assumed to be perpendicular to the Pt/Ge in-
terface and we can detect only the component of Eisyg
along the y-axis (which is the direction connecting the
two Au/Ti contacts), the Pt/Ge junction is illuminated
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FIG. 2: (Color online) ISHE signal dependence as a
function of (a) the angle 6 for fixed ¢ =0° and (b) of
the angle ¢ for a fixed § = 65°. The measurements have
been performed at room temperature with a photon
energy hv = 1.77 eV and an incident power W = 230
mW. The black dashed line corresponds to the
cos 3 tan 6-dependence (a) and cos p-dependence (b), as
obtained from a multilayer optical analysis of the Pt/Ge
sample.

at grazing incidence in order to maximize the Py compo-
nent of the photoinduced spin polarization vector P (see
Fig. )

Indeed, the spin-related origin of the detected voltage
difference AV can be verifed by varying the Py compo-
nent of the interfacial plane projection Py,. Fig.
shows the AV dependence as a function of the angle
0 for ¢ = 0, an incident photon energy hv = 1.77 eV
and an incident power W = 230 mW. A noise volt-
age slightly lower than 100 nV, identified by the error
bars, was detected for all the experimental points. The
maximum ISHE signal AV = 0.6 pV is obtained for
0 = 65°, in agreement with photoinduced ISHE mea-
surements of Ref. The 6-dependence of the ISHE
signal can be completely explained considering a mul-
tilayer optical analysis on the Pt/Ge junction. Indeed
AV (8, p) x tstp, cosf cosp tand, being ¢y the Fres-
nel coefficient of the s(p)-polarized light and S the angle
between the light propagation wavevector inside the Ge
substrate and the normal to the sample surface. Tak-
ing into account an incident photon energy hv = 1.77
eV, we have exploited the Fresnel coefficients of Refs. [32]
and B3] for Pt and Ge, respectively. In this case, it is
possible to directly calculate the dependence of AV on 0
(black dashed line in Fig. [2h) and ¢ (black dashed line
in Fig. [2b) in order to compare the calculated behaviour
to the experimental dataset in Fig. ] We found a fair
agreement between the theoretical calculations and the
experiments, which ensures the spin-related origin of the
measured signal 26434

Fig. shows the ISHE signal, normalized with re-
spect to the photon flux, as a function of the incident
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FIG. 3: (Color online) (a) ISHE signal dependence as a
function of the incident photon energy, normalized with
respect to the incident photon flux for # = 65° and
¢ =0 in the 0.8-1.8 ¢V range. (b) Comparison between
the measured electromotive force AV and the calculated
spin current density Js as a function of the incident
photon energy. Calc and simple calc are related to the
solution of Eqs. [T|and Eq. 2] for 75 = 1 ns, respectively.

photon energy in the 0.8-1.8 eV range. The behaviour
of AV nicely resembles the dependence of the electron
spin polarization P as a function of the incident photon
energy %3 The maximum ISHE signal is obtained for
hv = 0.8 eV, i.e. when the photon energy is resonant
to the Ge direct gap, which indeed corresponds to the
maximum initial electron spin polarization P = 50% 3>
A sharp decrease is instead detected when approaching
hv = 1.1 eV due to the fact that excitation energies well
above the split-off threshold are achieved 3458 Then, the
further decrease, obtained when hv > Eq + AFE,, is con-
sistent with the strong decrease of the electron spin po-
larization P32

The hr-dependence of the experimental data can be
explained by taking into account a one-dimensional spin-
drift diffusion model®? In this respect, we have numeri-
cally solved the spin drift-diffusion equations for spin and
charge at the Pt/Ge Schottky junction.®® Under the ap-
proximation that only electrons are polarized and defin-
ing the spin density s = ny —n, the spatial distribution
of s and Jg can be described through the equations

- — —w(x)s(z)p(x) + PPae™ *".
(1b)

The electric field E (), hole density p (x) and the in-
trinsic generation-recombination rate w (x) can be calcu-
lated by numerically solving the coupled Poisson drift-
diffusion equations? for electrons-holes pairs, which are

photocreated by the incident photon flux. The electron
mobility pu,, diffusion coefficient D, and Shockley-Read-
Hall recombination parameters, which are used for the
calculation of w(zx), correspond to typical values, also
exploited for micro-electronic device simulations/4? The
absorption coeflicient o and initial degree of electron spin
polarization P are obtained from Refs. [33] and 35l Eqgs.
describe the spin density s and the spin current den-
sity Js profile along the axis perpendicular to tha sample
surface under steady-state conditions at the L-valleys of
Ge, considering all the electrons thermalized. It is then
assumed that the electron spin lifetime 75, which repre-
sents a free parameter in the solution of Egs. [} does not
depend on hv. Furthermore the value of the spin polar-
ization P after the I' — L scattering has been considered
equal to the initial spin polarization*' It is interesting
to point out that a simplified solution of Egs. [1| can be
written as:

Jg=edP (1 —e ) (2)

where e is the electron charge, ® the photon flux and
Ly = /D715 the spin diffusion length. At this point it
is noteworthy to compare (see Fig. [3b) the experimental
data of Fig. and the spin current density Js (which
is proportional to the detected signal AV') at the Pt/Ge
interface, as obtained from Egs. [1| (calc. in Fig. ) and
Eq. [2| (simp. calc. in Fig. ) with the choice 7, = 1
ns. The fair agreement between the calculations and the
experiments indicates that the simple one-dimensional
drift-diffusion model above is able to highlight the fun-
damental issues of spin transport at the L-valleys of Ge.

The reason why Jg (or AV) reproduces the energy de-
pendence of the electron spin polarization P can be un-
derstood considering the simplified solution of Eq. [2]
where it is basically assumed that all the spin-oriented
electrons, generated within Lg from the Pt/Ge interface,
are injected into the Pt layer without any spin relaxation.
Within the whole investigated energy range aLgs > 1:
this means that all the photogenerated spins can reach
the Pt/Ge interface whithout completely depolarizing, so
that the decrease of the ISHE signal is only dictated by
the energy dependence of the spin polarization profile”
This also explains the fact that the simplified model bet-
ter reproduces the experimental data for hv ~ Eq4, where
most of the photoexcited spin-polarized electrons are cre-
ated outside the depletion region.

In summary, we have shown that the optical orienta-
tion process can generate at room temperature a pure
spin current in bulk Ge, which can be further detected
through inverse spin-Hall effect by using a thin Pt layer.
The dependence of the ISHE signal as a function of the
incident photon energy has been explained in the frame of
a one-dimensional spin-drift diffusion model, allowing the
estimation of the electron spin lifetime at the L-valleys
of Ge 7, = 1 ns. These results provide an important
contribution for the development of Ge-based devices ex-
ploiting photoinduced spin currents.
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