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We exploit the spin-Hall effect to generate a uniform pure spin current in an epitaxial n-doped Ge
channel, and we detect the electrically induced spin accumulation, transverse to the injected charge current
density, with polar magneto-optical Kerr microscopy at a low temperature. We show that a large spin

density up to 400 zm™> can be achieved at the edges of the 100-um-wide Ge channel for an applied electric
field lower than 5 mV /um. We find that the spin density linearly decreases toward the center of the Ge bar,
due to the large spin diffusion length, and such a decay is much slower than the exponential one observed in
III-V semiconductors, allowing very large spin accumulations over a length scale of tens of micrometers.
This lays the foundation for multiterminal spintronic devices, where different spin voltages can be exploited
as inputs for magnetologic gates on the same Ge platform.
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Spintronics aims at electrically manipulating the carriers’
spin degree of freedom in condensed-matter systems [1].
Bulk germanium is one of the most appealing materials to
realize this goal, thanks to its compatibility with the Si
platform, the long electron spin lifetime [2], and the optical
properties matching the conventional telecommunication
window [3]. Ideally, the design of electrically driven
spintronic devices would require the generation of pure
spin currents and possibly large spin voltages inside the
semiconductor, avoiding external building blocks based on
electrical or optical spin injection.

To this purpose, the generation of pure spin currents in
the absence of magnetic and collinear electric fields is of
crucial importance, since it allows achieving a spin splitting
in the electrochemical potential, i.e., a spin voltage, while
the carriers’ electrical potential remains constant. Pure spin
currents in materials can be generated through the spin-Hall
effect (SHE) [4-9], which leads to the creation of a
transverse spin current upon the electrical injection of a
charge current as a consequence of spin-dependent scatter-
ing due to spin-orbit (SO) coupling. Since spin-to-charge
interconversion effects are ubiquitous in solid-state physics,
the SHE plays a fundamental role in both metals and
semiconductors [7]. Indeed, since its first electrical detec-
tion [10], the SHE has turned out to be an important tool to
efficiently manipulate the magnetization through spin-
transfer torque [11,12] in ferromagnetic metals.

In doped III-V semiconductors, the charge-to-spin
current conversion efficiency, also referred to as the
spin-Hall angle, has been ascribed to the spin-dependent
scattering of flowing electrons by ionized doping impurities
[5,7-9]. Although this process results in a relatively high
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value of the spin-Hall angle [5,6,13], in these materials spin
relaxation rates are also high, limiting the spin diffusion
length to about one micrometer [5,7-9,13-15] and thus
hindering the achievement of sizable spin accumulation and
spin voltages over micrometer length scales even at a low
temperature.

In this context, germanium plays a key role thanks to its
compatibility with the Si platform, its large spin-orbit
interaction, and the long-predicted [16,17] and experimen-
tally measured [18,19] electron spin lifetime. All these
features make Ge a promising candidate for the imple-
mentation of new spin functionalities on Si. Spin accumu-
lation in the conduction band of bulk Ge can be obtained by
electrical spin injection [19-21] or optical spin orientation
[22-24]. Tt can be then detected by the inverse spin-Hall
effect, which can take place directly in Ge [25] or in a thin
metal layer deposited on Ge with a large SO interaction
[22,24]. In this respect, spin injection or detection schemes
using ferromagnetic metals generally introduce parasitic
interfacial effects [26] related to the metal-semiconductor
junction [27] or interface states [28], which strongly affect
the spin transport properties of the semiconductor. Here, to
avoid such parasitic effects, we directly probe the spin
transport and dynamics in bulk Ge using magneto-optical
Kerr microscopy [5] to measure the spin density induced
across an electrically biased Ge channel by the SHE.

We have fabricated a 250 x 100 gm’-large and 3-um-
thick n-doped Ge channel deposited on a 500-um-thick
high-resistivity Si(001) substrate (see Supplemental Sec. A
for further details [29]). The Ge layer is n-doped with a
phosphorus concentration N = 2.5 x 10'"® cm™, and its
resistivity is p = 1.05 x 107* Qm at T = 20 K. The 2D
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FIG. 1. (a) 2D optical reflectivity map at 7 = 20 K of the

n-doped Ge channel, grown on a high-resistivity Si(001) sub-
strate. (b) Geometry of the SHE: A constant positive (negative)
electric field £ (_) is applied along the x axis between the two Ni
Ohmic contacts of the Ge channel, resulting in a negative
(positive) pure spin current Jg along the y axis. (c) Scheme of
the spin electrochemical potential along the Ge channel width
(v axis) given by the SHE. (d) Sketch of the magneto-optical
Kerr microscopy setup. BS, beam splitter; PEM, photoelastic
modulator; PD, photodiode.

optical reflectivity map of the sample is shown in Fig. 1(a).
A dc bias is applied in Ge along the x axis between two
100-nm-thick Ni pads, acting as Ohmic contacts at the
edges of the Ge channel [see Fig. 1(b)]. The injection of a
charge current density J. generates a pure spin current
density J;, = yspJ. x up due to the SHE [4,8,9], where yqy
is the spin-Hall angle and up is the unit vector parallel to
the spin polarization vector. Since we exploit a polar Kerr
configuration, i.e., the propagation direction of the incident
light is perpendicular to the semiconductor channel surface,
we are sensitive only to the out-of-plane direction of the
spin polarization along the z axis. Then, applying a positive
(negative) electric field E, ) parallel to the x axis [see
Fig. 1(b)], a negative (positive) J, is generated along the
y axis, yielding spin accumulations of opposite sign at the
edges of the Ge channel. This is illustrated in Fig. 1(c) by
the spin electrochemical potential profile along the Ge
channel width. The Kerr microscopy setup is sketched in
Fig. 1(d). The linearly polarized light from a continuous-
wave laser diode at 1.55 ym wavelength (hv = 0.8 eV)
enters a linear polarizer, and it is then focused onto the
sample surface inside the cryostat at 7 = 20 K with the use
of an objective with 0.7 numerical aperture, giving a full
width at half maximum focal spot size of wa 1.5 ym. The
reflected beam is collected by a polarization-maintaining
beam splitter. A second beam splitter separates the light
beam along two optical arms: The first one is devoted to the
detection of the reflectivity R with the use of a InGaAs
photodetector, and the second one records the Kerr

ellipticity signal 8., with a balanced photodiode bridge,
modulated at 50 kHz by a photoelastic modulator. The
demodulated voltage signal is detected with a lock-in
amplifier.

Note that in bulk Ge the electrical conduction occurs at
the indirect gap (L valleys), lying 0.74 eV above the valence
band maximum at a low temperature. The incident photon
energy hv = 0.8 eV, quasiresonant with respect to the
Ge direct band gap E, at the I' point (£, = 0.88 eV at
T = 20 K), is chosen to enhance the magnitude of the Kerr
signal while avoiding optical absorption at I" [38].

Figure 2(a) shows the profiles for the optical reflectivity R
(top panel) and Kerr ellipticity 9, (bottom panel) measured
at T =20 K across the Ge channel, corresponding to a
scanned area of 40 x 130 ym? around the center of the
sample and averaged along the x direction [see Fig. 1(a)]. The
incident optical power is W = 2 mW. A positive (red dots)
and negative (black dots) bias of 840 mV resulting in an
electric field £ _y = 4.7 mV/um is applied along +x (E)
and —x (E_). J¢ is reported only between y = —42 and
42 pum, which corresponds to the scanned region where R is
flat, to avoid possible optical artifacts related to the Ge
channel edges. The reversal of the electric field does not
change, as expected, the optical reflectivity profile, whereas
J.1 shows a quasilinear behavior across the Ge channel with a
slope changing sign when the applied electric field is
reversed. Since .y is proportional to the spin density ng,
the observation of the Kerr ellipticity profile in Fig. 2(a) is
indicative of a spin accumulation, with an absolute
value increasing from the center to the edges of the Ge
channel along the y axis, reaching the maximum value
Jep = 70 £ 40 urad. The difference between the two aver-
aged spin accumulation profiles, obtained with opposite
electric fields, is presented in Fig. 2(b), which highlights the
linear character of J.; with respect to the position y within
the experimental error, whereas a complete 2D map of I
is shown in Fig. 3.

By solving the spin drift-diffusion equations for a charge
current density J. and the electrically induced spin current
density J,, flowing along the x and y axis, respectively, we
derive the spin density profile [39,40]

L t
ny(y) = ;%:{sech <2Ls> sinh (L%) E, (1)

where ogyy = yspoge 1S the spin-Hall conductivity, og, =
9.5 x 10* (Qm)~! being the electrical conductivity of the
Ge channel, e the electron charge, ¢ the width of the Ge
channel (100 gm for our sample), D, = 23 cm?/s the
electron diffusion coefficient, and L, the spin diffusion
length. When L, = t, one can approximate n,(y) o (y/Ly),
which reproduces the linear spatial dependence experimen-
tally observed in Fig. 2(b). This indicates that L in bulk Ge
at a low temperature is large and comparable with the width
of our sample, in agreement with theoretical calculations of
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FIG. 2. (a) Average of 40 line profiles of the optical reflectivity

R (top panel) and the Kerr ellipticity d.;; (bottom panel) across the
Ge channel for an applied positive E, (red dots) and negative
E_y (black dots) uniform electric field £, (_) = 4.7 mV /um. The
scanned area is 40 x 130 ym?. 9, is shown in the range between
y = —42 and 42 pm. (b) Difference of the Kerr ellipticity profiles
in (a) (left y axis) and electrically induced spin density 7, across
the Ge channel (right y axis), as obtained from the calibration
procedure described in Supplemental Material, Sec. C [29]. The
dashed light blue line is a linear fit of the experimental data from

Eq. (1).

a long electron spin lifetime at the L valleys in Ge at a low
temperature [16]. This explains the dramatic difference
between the experimental data in Fig. 2(b) and those
reported in Ref. [5], where, in a similar experimental
geometry, a non-null magneto-optical Kerr signal is
detected only at the edges of a GaAs channel, due to the
lower value of L,. In our case, it is not possible to
experimentally give a precise value of L but only a lower
bound estimation, since any value L, =~ t would result in a
linear behavior of n;.

To confirm this hypothesis, we estimate the electron spin
lifetime z, by accounting for the spin-flip rates related to
inter- and intravalley scattering [16] (1/7inwer and 1/ intras
respectively) at the L point of the Ge Brillouin zone and the
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FIG. 3. Kerr ellipticity map across the Ge channel, obtained as
the difference between measurements with opposite applied
electric field £,y =4.7 mV/um. The scanned area is 40 x
84 um? around the center of the sample, corresponding to a
region where the reflectivity R is flat. Measurements have been
performed at 7 = 20 K with an incident power of W =2 mW.

ionized-impurity scattering rate 1/7,y, (see Supplemental
Sec. B for further details [29]): 1/7, = 1/7inert
1/%sinwa + 1/7gimp-  Since, at T =20K, g iper
Tyiintra > Ty.imp» WE Obtain 7, & 7, = 420 ns, and, intro-
ducing the electron diffusion coefficient D, we estimate
Ly =+/Dqt, =31 ym. It is worth noticing that in the
calculation of 7, only the short-range interaction with
impurities, driven by SO coupling, has been taken into
account, since the long-range (Coulomb) interaction is
generally negligible in multivalley semiconductors [41].
On the other hand, the long-range interaction should not
vary by doping Ge with different impurities (As, Sb, and P),
so that further SHE experiments with As or Sb-doped Ge
could allow addressing the role of the different interaction
potentials.

A quantitative analysis of the Kerr ellipticity profiles can
be performed by exploiting the optical spin orientation
technique to inject spin-polarized electrons in Ge [2,9,22].
Indeed, dipole selection rules for optical transitions with
circularly polarized light allow generating a spin-oriented
electron population in the conduction band of Ge. In this
case, one can estimate the spin-polarized electron density
n°" injected into the semiconductor (see Supplemental
Sec. C for further details [29]), which can be directly
related to the Kerr ellipticity 82{? measured under optical
spin injection conditions.

From this calibration procedure, we can then calculate
the electrically induced spin density 7, in the Ge channel,
generated by the spin-Hall effect, for the data set in
Fig. 2(b). We find n, ~ £400 um™> for y = +42 ym,
indicative of a large spin accumulation in correspondence
to the edges of the Ge channel [see Fig. 2(b)]. Such a value
is approximatively 2 orders of magnitude larger than that
reported for an InGaAs channel with a similar size and
electrical resistivity [5], whereas it is comparable to the
ones measured in Ref. [13] for GaAs channels with
different doping densities.

However, at variance with III-V semiconductors, the
spin density linearly decreases toward the center of
the Ge bar, thanks to the large value of L, allowing for
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FIG. 4. (a) Electrically induced spin density n, across the Ge

channel width as a function of the applied electric field. The
dashed red line represents a linear fit of the experimental data
from Eq. (1). (b) Spin-Hall conductivity ogy of the Ge channel as
a function of the applied electric field at 7 = 20 K. The light blue
area identifies the averaged value of ogy, weighed with the
experimental error. (c) Spin current density J, for y =0 at
T =20 K, estimated through the spin drift-diffusion model of
Eq. (1) from the experimental data set in (a). (d) Electrically
induced spin density n, for a unit electric field and y = 42 pm as
a function of the temperature. The red dashed line corresponds to
the estimated temperature dependence of the spin diffusion length
L (see Supplemental Sec. B [29]). Inset: Spin-Hall conductivity
ogy of the Ge channel as a function of the temperature.

the exploitation of sizable spin accumulations over tens
of micrometers. Indeed, the combination of large spin
voltages and large length scales, which is simply inacces-
sible to GaAs-based semiconductors, is suitable for the
design of multiterminal spintronic devices, where different
spin voltages can be used as inputs for multiple magneto-
logic gates on the same Ge platform [42].

According to Eq. (1), a linear fit of the experimental data
in Fig. 2(b) for r = 100 ym, E = 4.7 mV/um, and L, =
31 um yields ogy = 241 (Qm)~!, which corresponds to
a spin-Hall angle ygy = (2+1)x 107, in line with
previously reported values in n-doped bulk Ge [25].

Figure 4(a) shows the dependence of n,, measured at
y = 42 pm, on the applied electric field E with an incident
photon energy hv=0.8¢eV and an optical power
W =2 mW. The spin accumulation profile for every
value of the applied electric field E is linearly fitted
by Eq. (1), using once again ¢ = 100 ym, y =42 um,

and L; =31 um. As shown in Fig. 4(b), ogy remains
nearly constant through all the investigated bias range,
and its averaged value corresponds to ogy = 1.8+
0.2 (Qm)~!. The spin drift-diffusion equations of
Refs. [39,40] can be exploited to obtain the spin current
density profile J(y) = —Dgdyn, — osyE with the proper
boundary conditions J(y = +7/2) = 0. In this case, the
spin current density J, at the center of the Ge channel is
then calculated using y = 0, t = 100 ym, and ogy = 1.8 £
0.2 (Qm)~! [see Fig. 4(c)], which reproduces the linear
behavior of n; as a function of E.

Finally, the electrically induced spin density n, per unit
electric field as a function of the temperature is shown in
Fig. 4(d). For each temperature, the dependence of the
spin accumulation on the electric field has been measured
and the slopes of the different curves together with the
corresponding experimental error are plotted, suggesting a
decrease of n, with 7. We attribute this behavior to the
temperature dependence of the electron spin lifetime z,,
which decreases as spin relaxation phenomena become
more efficient with increasing temperature. By explicitly
considering the temperature dependence of L, that can be
estimated from the spin-flip rates mentioned before (see
Supplemental Sec. B for further details [29]), we exploit
Eq. (1) to estimate the temperature dependence of ogy [see
the inset in Fig. 4(d)]. We find that, within the experimental
error, ogy and—consequently—ygy are almost constant,
indicating that the charge-to-spin conversion efficiency in
bulk Ge is not degraded at least up to 120 K.

In conclusion, we have directly probed the electrically
induced spin accumulation across the Ge channel using the
SHE and magneto-optical Kerr microscopy. Our experi-
mental results give direct access to the groundwork of spin
dynamics in bulk Ge and highlight the great potential of
this material in the design of integrated electrically driven
spintronic devices. Indeed, L values in the range of tens of
micrometers allow for a reliable transport of spin over large
distances, paving the way for the design of complementary
Si-Ge spin interconnects [43]. The favorable conduction
band-edge alignment between Si and Ge heterostructures
should make this kind of spin architecture easier, since it is
possible to generate a large spin accumulation in Ge
through the SHE and then transfer it in Si, thus overcoming
early challenges for spin injection and detection in this
material [44]. Moreover, Ge(111)-based nanostructures are
promising platforms to probe the SHE, since the strain-
induced removal of the valley degeneracy at the L point
should drastically increase the spin diffusion length [45].
Finally, the generation of very high spin voltages and
currents over tens of micrometers in Ge paves the way for
spin manipulation in low-dimensional Ge heterostructures,
where electrical control of spin-orbit interaction can also be
implemented.
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