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S1: J —V measurements for FM/Ge contacts

Current density — voltage (J — V') characteristics for FM/Ge contacts, i.e., CFAS/Ge
with or without inserting Fe atomic layers, in all the LSV devices were measured by the
three-terminal measurements, as shown in Fig. S1(a). Here Vi, or Vi stands for the bias
voltage applied to the FM1/SC or FM2/SC interfaces, respectively, as shown in Fig. S1(a).
In this study, the conditions of Vj,;; < 0 were used as spin-injection conditions of electrons
from CFAS to Ge. All the data at 8 K were shown in Fig. S1(b). Since the two d-doped
layers (6-P + Si) were introduced between CFAS and Ge,! all the J — V characteristics of
the CFAS/Ge contacts in LSV devices were governed by the Schottky-tunnel barriers and

did not depend on the number of the inserted Fe atomic layers.
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Figure S 1: (a) Schematic of a FM-SC-FM lateral spin-valve (LSV) device, in which terminal
configurations of three-terminal voltage measurements for J — V' characteristics are drawn.
(b) J — V characteristics of all the contacts with and without inserting Fe atomic layers
at 8 K. (c¢) Variation in the RA values of the FM/SC contacts by controlling the number
of the inserted Fe atomic layers at 8 K (black) and room temperature (red). The red and
gray dashed lines are reference values for Fe/MgO/Si contacts®? at 8 or 10 K and room
temperature, respectively.

As summarized in Fig. S1(c), the value of RA at the spin-injection condition is kept to
be less than 0.40 kQum?, maintaining the low parasitic resistance at the electrodes. Note

that the value of RA in this study is one or two orders of magnitude lower than those in
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Fe/MgO(0.8 nm)/Si contacts.? Recently, although a very large tunnel spin polarization of
90 % at 10 K was reported in Fe/MgO(2.3 nm)/Si,® the value of RA was three orders of

magnitude larger than those in this study.

S2: Spin diffusion length of the used n-Ge channel

In the nonlocal measurement setups shown in Fig. 1(a), we can also estimate the spin
diffusion length (Ay) of the used n-Ge channel layers. When we applied out-of-plane magnetic
field (B,) to the LSV devices under the parallel and antiparallel magnetization configurations
to record ARyp, as functions of B,, we also observed evident Hanle-type spin precession
curves, indicating the generation, manipulation, and detection of spin currents in the n-Ge

layer by all electrical means, in the nonlocal measurements, as shown in Fig. S2.
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Figure S 2: Nonlocal Hanle signals for an LSV device with Fes_g at 8 K. The solid curves
are fitting results using Eq. (S1).

These data are evidence for the reliable spin transport in the used semiconductor, demon-
strated by electrical spin injection and detection.*® Using the Hanle curves, we can roughly
extract spin lifetime (7n) and the diffusion constant (D) values in n-Ge. According to the

previous works,* the nonlocal Hanle curves are expressed as the following one dimensional
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spin drift diffusion model,

0 t
ARnL(B,) = :I:A/ o(t)cos(wrt)exp <—T—>dt, (S1)
0 N
_ P?pnD _ 1 L2 _ :
where A = —2= ¢(t) = T2 5%P ( —i57 ) wr (= gupB./h) is the Larmor frequency, ¢

is the electron g-factor (¢ = 1.56) in Ge,! and up is the Bohr magneton. Here, py is the
resistivity of n-Ge (1.59 mQem < py < 2.16 mQcm), S is the cross section (S = 0.98 ym?) of
the n-Ge layer used here, and L is the center-to-center distance between the spin injector and
detector (L = ~0.9 pym). From this Hanle analysis, we can also obtain Ay from the relation,
A = VDr. As a result, we can clearly obtain almost no dependence of the number of the
inserted Fe atomic layers on Ay (Ax = 0.84 £0.07 um).% Therefore, there is no influence of
the insertion of the Fe atomic layers between CFAS and Ge on the spin transport in the used

n-Ge layer.

S3: Electronic band structure at CFAS /Fe/Ge interfaces
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Figure S 3: Calculated density of states for d electrons of interfacial Fe (red) for
CFAS/Fe; /Ge and CFAS/Fes/Ge interfaces, together with that of bulk Fe for CFAS (gray).

The electronic structures of the CFAS/Fe; /Ge and CFAS /Fe;/Ge interfaces are checked
theoretically. Figure S3 shows the partial density of states (PDOS) of the CFAS/Fe;/Ge

and CFAS /Fe;/Ge, obtained from first-principles density-functional theory calculations.™®
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For interfacial Fe of both CFAS/Fe;/Ge and CFAS/Fes;/Ge heterojunctions, both the up-
spin and down-spin d states near the Fermi level are significantly changed, giving rise to the
low spin polarization (red). Thus, from the viewpoint of the PDOS, we can theoretically
understand that the CFAS/Fe;/Ge and CFAS/Fe;/Ge interfaces are not useful to obtain

highly efficient spin injection.

S4: Magnetoresistance ratio at 8 K

[ ||||||||| T T T TT1TT7T |||_
?\\ .
N
L < i
N
N
10° N =
u . Fe,;@8K ]
< C N\ ]
S e ]
L AN i
2 N
B f S 1
C S o Fes s @296 K \ ]
- \ \ -
- ? N
L .-
L .\\ h
N
102 N —
r N ]
C IIIIIIIII IIII\IIIII III_
100 10’ 10?
RA I ry

Figure S 4: MR ratio (%) for LSV devices with Fes_g at 8 K (blue), together with the data
at 296 K (red) shown in Fig. 6 c. The value of ry is the spin resistance of the spin-transport
layers, where ry = 10.6 Qum? at 8 K for the n-Ge used here. The blue dashed curve is a
guide line based on the standard theory with v = 0.425.°

Magnetoresistance (MR) ratio for LSV devices with Fe;_g at 8 K is plotted in Fig. S4,
together with those at 296 K. The MR ratio at 8 K is enhanced up to 0.43 %, which is one
order of magnitude larger than those at 296 K because of the increase in the interface spin

polarization (y) and spin diffusion length (Ax) of n-Ge at 8 K.
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