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Abstract
Electrical injection of spin-polarized electrons from ferromagnets into semiconductors has been generally
demonstrated through a tunneling process with insulator barrier layers that can dominate the device performance,
including the electric power at the electrodes. Here, we show an efficient spin injection technique for a semiconductor
using an atomically controlled ferromagnet/ferromagnet/semiconductor heterostructure with low-resistive Schottky-
tunnel barriers. On the basis of symmetry matching of the electronic bands between the top highly spin-polarized
ferromagnet and the semiconductor, the magnitude of the spin signals in lateral spin-valve devices can be enhanced
by up to one order of magnitude compared to those obtained with conventional ferromagnet/semiconductor
structures. This approach provides a new solution for the simultaneous achievement of highly efficient spin injection
and low electric power at the electrodes in semiconductor devices, leading to novel semiconductor spintronic
architectures at room temperature.

Introduction
For the achievement of novel semiconductor (SC)

architectures based on the electron spin degree of free-
dom, electrical injection of spin-polarized electrons from
a ferromagnetic material (FM), manipulation of the
injected spins by applying magnetic fields, and electrical
detection of the manipulated spins have been demon-
strated in SC device structures1,2. The recent progress in
the observation of reliable spin transport at room tem-
perature in group IV SC device structures is beginning to
open up a way toward SC spintronic applications because
of the compatibility with silicon (Si) complementary

metal-oxide-semiconductor (CMOS) technologies3,4. For
high-performance SC spintronic devices in particular, the
generation of large spin accumulation in SCs at room
temperature is the most important issue. To date, the
introduction of tunnel barriers between FMs and SCs has
been generally proposed to eliminate the large con-
ductivity mismatch between FMs and SCs5,6. High output
voltages derived from the large spin accumulation in Si
were recently demonstrated in FM/MgO/Si lateral devices
at room temperature7,8. If a two-terminal magnetoresis-
tance (MR) ratio, which is the most important perfor-
mance measure of a nonvolatile memory, of more than
100% can be obtained at room temperature even in metal-
oxide-semiconductor field-effect-transistor structures,
then one can effectively utilize the spin-related phenom-
ena in high-performance applications of SC archi-
tectures9. However, insulator tunnel barriers, such as
MgO, cause a high parasitic resistance at the source
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and/or drain contacts, inducing a decrease in the MR ratio
and the use of a high electric power in proposed SC
spintronic devices10–12.
In this article, to simultaneously achieve highly efficient

spin injection at room temperature and low contact
resistance in SC devices, we present an efficient spin
injection technique using an FM–FM–SC hetero-
structure, where the top FM electrode is a ferromagnetic
Heusler alloy, Co2FeAl0.5Si0.5 (CFAS), the middle FM is
atomically controlled iron (Fe) layers, and the SC is ger-
manium (Ge), which not only is a next-generation chan-
nel material for CMOS but also can be applied to
photonics13 and quantum computing14. Although we
have thus far developed growth techniques for single-
crystalline CFAS layers on Ge15 and Schottky-tunnel
barrier electrodes with low values of the resistance area
product (RA) for Ge spintronic devices16, the two-
terminal MR ratio at room temperature has been quite
low (≤0.001%) because of the low spin accumulation in
Ge-based lateral spin-valve (LSV) devices17. When
five–six atomic layers of Fe (Fe5–6) are inserted between
CFAS and Ge, we experimentally demonstrate salient
enhancements in spin signals by more than one order of
magnitude compared to those in the previous report on
Ge17, in the LSV devices. From the structural analyses,
atomically controlled CFAS/Fe5–6/Ge(111), i.e., FM/FM/
SC heterostructures, can be demonstrated without indu-
cing out-diffusion of Ge atoms into FM layers. On the
basis of previous theories18,19, the transmittance of the
spin-dependent conductance for the CFAS/Fe5–6/Ge

heterostructure is examined along the [111] direction. As
a result, we theoretically find that the CFAS/Fe5–6/Ge
heterostructure along the <111> direction has energy-
band symmetry matching, leading to efficient injection of
spin-polarized electrons into the conduction band of Ge.
In the CFAS/Fe5–6/Ge LSV devices, we can experimen-
tally achieve a more than one order of magnitude
enhancement in the MR ratio (∼0.04%) at room tem-
perature and the lowest electric power (∼0.12 mW) for
obtaining a high MR ratio. Given these novel findings, we
can conclude that spin injection through symmetry
matching of the electronic bands between the top highly
spin-polarized FM and SC in FM/FM/SC heterostructures
provides a new solution for the simultaneous achievement
of highly efficient spin injection at room temperature and
low electric power at the electrodes, leading to novel SC
spintronic architectures.

Results
Effect of Fe atomic layer insertion on spin signals
To examine the effect of Fe atomic layer insertion on

spin transport in SC-based spintronic devices, we pre-
pared LSV devices with an n-Ge spin-transport channel
and two ferromagnetic contacts, as shown in Fig. 1a. The
detailed fabrication procedure of the LSV devices is
described in the Materials and methods. Additionally,
similar LSV structures were presented in our previous
works15–17,20,21. We note that the highly spin-polarized
material CFAS is utilized as a spin injector and detector
for Ge, where CFAS is one of the ferromagnetic Heusler
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Fig. 1 Enhancement of spin signals based on a new concept. a Schematic of the fabricated FM–SC–FM lateral spin-valve (LSV) device, in which
the terminal configurations of nonlocal and local voltage measurements are drawn. The enlarged schematic illustration shows the concept of spin
injection through energy-band symmetry matching between Co2FeAl0.5Si0.5 (CFAS) and Ge with atomically controlled Fe layers. b Variation in the
nonlocal and local spin signals (ΔRNL and ΔRL) with the number of inserted Fe atomic layers at 8 K. c Nonlocal and local magnetoresistance curves
measured at 8 K and I=−0.5 mA for the LSV device with five–six atomic layers of Fe (LSV with Fe5–6).
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alloys15,16,22. To verify the effect of Fe atomic layer
insertion on spin injection and detection, nonlocal and
local voltage measurements were carried out on all LSV
devices with insertion of various Fe atomic layers in the
four- and two-terminal configurations23–26, respectively.
In Fig. 1b, the magnitude of the nonlocal (ΔRNL=ΔVNL/
I) and local (ΔRL=ΔVL/I) spin signals at 8 K as a function
of the number of inserted Fe atomic layers is summarized,
where representative nonlocal and local spin signals for
the LSV device with Fe5–6 at 8 K are also shown in Fig. 1c.
Here, the plotted values of |ΔRNL| and |ΔRL| are the
maximum values observed in this study, and the value of |
ΔRL| includes the enhancement effect due to the non-
linear electrical spin conversion at a biased FM/SC con-
tact21,27. According to Fig. 1b, salient enhancements in
both |ΔRNL| and |ΔRL| can be observed for the LSV with
Fe5–6. With further increases in the number of inserted Fe
atomic layers above Fe5–6, |ΔRNL| and |ΔRL| gradually
decrease. Since this feature is quite important, we will
discuss this point later. In this study, the tendencies
observed in Fig. 1b are reproduced for many LSV devices.
The value of RA for the spin injection and detection

electrodes was maintained at less than 0.40 kΩ µm2 after
Fe atomic layer insertion because the electrical char-
acteristics of the electrodes were controlled by the phos-
phorus δ-doped layer near the CFAS/Ge interface16,20.
The detailed J–V characteristics are presented in Sup-
plementary Fig. S1. In addition, from the Hanle effect
analysis based on the one-dimensional spin drift-diffusion
model1,16,24–26, we confirmed that the spin transport
properties, such as the spin diffusion length (λN), in the
used Ge channel were almost equivalent (λN= 0.84 ±
0.07 µm) for all the LSV devices, as shown in Supple-
mentary Fig. S2. For these reasons, the one-order
enhancements in |ΔRNL| and |ΔRL| shown in Fig. 1b are
attributed to the insertion of the controlled Fe atomic
layers between CFAS and Ge.
Using the standard theories of LSV devices6 and the

extracted parameters of the used n-Ge at 8 K (Supple-
mentary Figs. S1 and S2), we can tentatively estimate the
spin injection/detection efficiency (P) and interface spin
polarization (γ) from the nonlocal and local spin signals,
respectively. The detailed methods for the definition and
estimation of P and γ are described in the Materials and
methods. Figure 2 displays P (left axis) and γ (right axis) as
a function of the number of inserted Fe atomic layers at
8 K. Both values evidently show a peak, reaching P∼ 0.25
and γ∼ 0.28, for the LSV with Fe5–6. With further
increases in the number of inserted Fe layers to more than
seven atomic layers, the values of P and γ gradually
decrease. These data in Figs. 1b and 2 reveal that the
ability for spin injection and detection in SC-based LSV
devices can be controlled by adjusting the number of Fe
atomic layers inserted between CFAS and Ge.

Structural and elemental analyses for the spin injector
To characterize the CFAS/Fe5–6/Ge interface structure,

high-angle annular dark field (HAADF) scanning trans-
mission electron microscopy (STEM) imaging and selec-
ted area electron diffraction (SAED) were performed.
Figure 3a shows a low-magnification HAADF-STEM
image. Uniform CFAS and phosphorus δ-doped Ge lay-
ers16 can be observed, and there is a bright layer indi-
cating Fe5–6 between CFAS and Ge, where the contrast in
the HAADF-STEM image gives information on the mass
distribution in the matrix and is related to the atomic
number of each element (Z2). Thus far, due to the out-
diffusion of Ge atoms, we have observed mass contrast
fluctuations in the CFAS layer near the CFAS/Ge inter-
face for the LSV devices with no Fe insertion20. In con-
trast, Fig. 3a clearly shows an improvement in the quality
of the CFAS/Ge interface, in particular, the composition
fluctuation in the CFAS layer. Thus, the insertion of Fe
atomic layers between CFAS and Ge is quite effective in
improving the interface quality.
The cube-on-cube epitaxy between CFAS and Ge was

confirmed by the SAED pattern [Fig. 3b], leading to an
overlap of the diffraction reflections between them28. As a
result, the epitaxial relationship between CFAS and Ge was
determined to be CFAS(111)||Ge(111) and CFAS(110)||Ge(
110), similar to in previous work28. Even after Fe atomic
layer insertion, the epitaxial relationship between CFAS and
Ge is maintained. We also performed atomic-resolution
HAADF-STEM imaging at the CFAS/Fe5–6/Ge interface, as

Fig. 2 Enhanced spin injection/detection efficiency and interface
spin polarization. Inserted Fe atomic layer dependence of the spin
injection/detection efficiency (P) and interface spin polarization (γ) at
8 K. These values were estimated from the one-dimensional spin
diffusion model, shown in the Materials and methods.
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shown in Fig. 3c. On top of the Ge surface, high-intensity
atomic columns with a thicknesses of 0.7–0.8 nm, implying
the presence of Fe5–6, can be observed. After the top of the
inserted Fe atomic layers, alternating Co (brighter) and
Fe–Si/Al (darker) atomic columns, are distinctively
observed, which means that a B2-ordered CFAS layer is
near the interface. To determine the chemical distribution
of constituent elements near the interface, electron energy
loss spectroscopy mapping was performed, and the result
for the Fe5–6 interface is displayed in Fig. 3d. An evident
increase in the intensity of the Fe-L2,3 edge spectrum is
observed from the mapping between CFAS and Ge. Addi-
tionally, out-diffusion of the Ge atoms is clearly suppressed
compared to our previous work20. Therefore, the insertion
of the Fe atomic layers between CFAS and Ge also enables
the formation of B2-ordered CFAS near the interface by
suppressing the composition fluctuation due to the out-
diffusion of Ge atoms 20,28.
From structural and elemental analyses near the CFAS/

Fe5–6/Ge interface, we can conclude that the enhancement
in |ΔRNL| and |ΔRL| in Fig. 1b originates partly from the
suppression of the composition fluctuation in the CFAS
layer. Additionally, in our previous work16, we confirmed
that the absence of the CFAS layer leads to inefficient spin
injection into Ge. Thus, we infer that experimentally, the
formation of B2-ordered CFAS layers at the FM/SC elec-
trodes improved the values of P and γ in Fig. 2. However,
from first-principles density functional theory (DFT) cal-
culations, we have obtained that the electronic band
structure of the Fe-inserted CFAS/Ge interface is not
expected to evolve a highly spin polarized nature, as shown
in Supplementary Fig. S3. This means that the experimental
enhancements in P and γ in Fig. 2 are not caused directly by

the improvement in the spin polarization at the CFAS/Ge
interface due to the insertion of atomically controlled Fe
layers. Recently, Rashba coupling-induced efficient spin-to-
charge conversion at the Fe/Ge(111) interface was pro-
posed29. We may regard this mechanism as one of the
possible origins for the enhancements in P and γ when
inserting Fe atomic layers between CFAS and Ge. However,
because there is a clear correlation among the number of
inserted Fe atomic layers, |ΔRNL|, |ΔRL|, P, and γ, the
present results cannot be explained only by efficient spin
injection based on the improvement due to the Rashba
coupling-induced efficient spin-to-charge conversion dis-
cussed in ref. 29.

Discussion
Energy-band symmetry and spin-dependent transmittance
Considering Fig. 1a, we hereinafter focus on the spin-

dependent transport properties of electrons based on the
band symmetry matching arguments for CFAS/Fe/Ge
heterostructures. On the basis of first-principles DFT
calculations30, we evaluate the energy bands, spin-
dependent transmittance, and spin polarization in
CFAS/Fe/Ge/Fe/CFAS heterojunctions. Computational
details and calculation models are described in the
Materials and methods. Figure 4 displays theoretically
calculated bulk energy bands of CFAS, Fe, and Ge along
the [111] direction. Although the value of the band gap for
Ge is underestimated in our calculation conditions with
the generalized gradient approximation (GGA), the con-
duction band symmetry can be precisely depicted.
According to Fig. 4c, we first find that the conduction
bands of Ge near the Fermi level (E= 0) have Λ1 sym-
metry, which is the identity representation of C3v

Fig. 3 Atomically controlled Co2FeAl0.5Si0.5/Fe5–6/Ge interface. a Low-magnification high-angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) image. A uniform interface and two δ-doped layers (δ-P+ Si) can be observed. b Selected area electron
diffraction (SAED) pattern from an area including Co2FeAl0.5Si0.5 (CFAS), Fe5–6, and Ge. The unit cell of the diffraction pattern is labeled with a blue
dashed rectangle for the CFAS layer and a red dashed rhombus for the Ge layer. c High-resolution HAADF-STEM image at the CFAS/Fe5–6/Ge
interface. d EELS mappings showing the intensities of Ge-L2,3, Co-L2,3, Fe-L2,3, Al-K, and Si-K edge signals together with the HAADF-STEM image
obtained simultaneously.

Yamada et al. NPG Asia Materials (2020) 12:47 Page 4 of 9



symmetry. This means that the Λ1 symmetry bands of the
used FM electrodes can play a crucial role in the efficient
injection of spin-polarized electrons into Ge. It should be
noted that for Fe in Fig. 4b, because Λ1 bands at the Fermi
level exist for both up-spin and down-spin electrons,
which has already been mentioned in a previous theore-
tical work19, the Fe electrode is found to be an inefficient
spin injector for Ge along the [111] direction. In Fig. 4a,
on the other hand, only the Λ1 band for the up-spin
electrons of CFAS crosses the Fermi level, and no band
for the down-spin electrons touches the Fermi level. At
other k-points of the down-spin electrons, only small
pockets are found (not shown here). Thus, the CFAS
electrode is expected to be a nearly half-metallic spin
injector within the GGA. Considering the energy-band
symmetry along the [111] direction between CFAS and
Ge, we can conclude that the CFAS electrode is expected
to be a highly efficient spin injector for Ge. Actually, the
Λ1 band for the up-spin electrons of CFAS has a wide
energy dispersion, resulting in widespread wave functions
in real space, while the down-spin electrons around the
Fermi level have narrow dispersions, causing localized
wave functions in real space. Since the dispersive Λ1 band
is dominated by s, pz, and dz

2 orbitals spreading toward
the [111] direction, the electrons with light effective
electron mass of incident Bloch states can strongly con-
tribute to the spin-dependent conductance in tunneling
and giant MR junctions31,32.
Figures 5a and b show the optimized interfaces of

CFAS/Ge and CFAS/Fe5/Ge in the heterojunctions,
respectively. From the k-point-resolved transmittance in
Fig. 5c for CFAS/Ge junctions, we can see a strong ring-

shaped peak of the transmittance from the up-spin elec-
trons around the Γ point, whereas the transmittance from
the down-spin electrons is much smaller. This feature
originates from the Fermi-surface asymmetry, including
the Λ1 band symmetry matching of the up-spin electrons,
described above. Since the energy-band symmetry leads to
coupling of incident Bloch states from the CFAS electrode
into Ge, we can infer that the observed strong ring-shaped
peak in Fig. 5c is derived from the Λ1 band electrons.
Here, since the k-point-averaged transmittance values
from the up-spin electrons (Gup) and the down-spin
electrons (Gdown) are 7.9 × 10–2 and 2.3 × 10−4, respec-
tively, the calculated spin polarization value Pcal is
approximately 1.0. Thus, if the ideal CFAS/Ge/CFAS
junctions along the <111> directions for electron trans-
port are formed, then fully spin-polarized electrons can
theoretically flow based on Λ1 band symmetry matching.
In Fig. 5d, for CFAS/Fe5/Ge junctions, the k-point-
resolved transmittance also shows a ring-shaped peak
around the Γ point, and the Gup and Gdown values are
1.1 × 10−1 and 9.8 × 10−4, respectively. Since coupling of
the incident Bloch states from the CFAS electrode
through Fe5 into Ge is also derived from the Λ1 band
symmetry matching, the highly spin-polarized current
can be protected. Due to the itinerant character in Fe, the
values of Gup and Gdown are slightly higher than those for
CFAS/Ge junctions, also leading to Pcal ∼ 1.0. That is,
despite the presence of the inserted Fe layers, highly
spin-polarized currents can flow in CFAS/Fe5/Ge het-
erostructures due to the Fermi-surface asymmetry,
including the Λ1 band symmetry matching of the up-spin
electrons.

 

 

Γ Λ A

E
N

E
R

G
Y

 (
eV

)

 

 

Γ Λ A

E
N

E
R

G
Y

 (
eV

)

 

 

Γ Λ A

E
N

E
R

G
Y

 (
eV

 

 

Γ Λ A

E
N

E
R

G
Y

 
eV

)

-

 

 

Γ Λ A

E
N

E
R

G
Y

 (
eV

)

a b c

-1

-0.5

0

 0.5

1

-1

-0.5

0

 0.5

1

-1

-0.5

0

 0.5

1

-1

-0.5

0

 0.5

1

-1

0.5

0

 0.5

1

Λ1

Λ1
Λ1

Λ1

E
  (

eV
)

up-spin up-spindown-spin down-spin

CFAS  Fe Ge
E

  (
eV

)

E
  (

eV
)

Fig. 4 Energy bands along the [111] direction. a–c Bulk energy bands of Co2FeAl0.5Si0.5 (CFAS), Fe, and Ge, respectively, along the [111] direction.
All the energy-band structures were depicted by using the k//[001] direction of hexagonal unit cells because of the hexagonal atomic arrangement
of the fcc structure along the [111] direction. When the generalized gradient approximation (GGA)30 was adopted for the exchange and correlation
functional, the band structures of Ge (diamond) became similar to those of a semimetal with some band crossings at the Fermi level around the
Γ point. The Γ and A points of the hexagonal Brillouin zone considered here correspond to the Γ and L points of the fcc Brillouin zone, respectively.
The conduction bands of Ge near the Fermi level (E= 0) have Λ1 symmetry.
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In the experiment, although the used CFAS layer was
not perfectly half-metallic and the performance of the
CFAS/Ge direct junctions was still poor due to the
degradation of the interface quality20, the insertion of
Fe5–6 between CFAS and Ge contributed to both the
improvement in the crystal quality of the CFAS layer and
the promotion of the Λ1 band symmetry matching for
highly spin-polarized current flows. In addition, the spin
polarization could not be enhanced by the symmetry
matching of electronic bands between Fe(111) and Ge
(111)19 because there were bands with the same Λ1 band
symmetry at the Fermi level in both spin channels, as
shown in Figs. 4b and c. Furthermore, we already verified
that the band structure of the B2-ordered CFAS maintains
the energy-band symmetry matching and Fermi-surface
asymmetry for the efficient spin injection considered here.
From these considerations, an architecture of spin injec-
tion through energy-band symmetry matching between
half-metallic CFAS and Ge along the <111> direction, the
atomically controlled Fe layers can be considered for
demonstrating highly efficient spin transport in Ge.
We have shown a one-order enhancement in the spin

signals in Ge-based LSV devices with Fe5–6, which can be
interpreted in terms of the spin injection through the
energy-band symmetry matching at the CFAS/Fe5–6/Ge
electrodes along the <111> direction. From the results in
Figs. 1b and 2, as the number of inserted Fe atomic layers
was increased to more than seven–ten, the values of |
ΔRNL|, |ΔRL|, P, and γ gradually decreased. When the
spin-dependent transmittance and spin polarization for
the CFAS/Fe9/Ge heterointerface were also calculated by
the DFT calculations, the spin-dependent transmittance
Gup and Gdown values were 1.2 × 10–1 and 9.1 × 10−4 for
the up-spin and down-spin electrons, respectively.
Because Pcal∼ 1.0 even for CFAS/Fe9/Ge, we conclude
that the increase in the thickness of the inserted Fe atomic

layers from Fe5 to Fe9 does not theoretically affect the
spin-polarized currents. Thus, there is another mechan-
ism behind the decrease in the values of |ΔRNL|, |ΔRL|, P,
and γ after the number of inserted Fe atomic layers is
increased to more than seven–ten.
Although the spin diffusion length of Fe at low tem-

peratures is expected to be ∼8 nm33, much longer than
the thickness of the inserted Fe atomic layers, the degra-
dation of the spin injection/detection efficiency should be
considered in actual LSV devices. That is, the present
experiments include both spin injection into Ge through
the energy-band symmetry matching with CFAS and
diffusive spin detection from Ge into CFAS via the
inserted Fe atomic layers. Even though efficient spin
injection through energy-band symmetry matching was
demonstrated at the spin injector in actual LSV devices,
the values of |ΔRNL| and |ΔRL| could also be affected by
the diffusive spin transport properties in the Ge channel
layer and at the spin detector.
Finally, we present |ΔRNL| and |ΔRL| at room tem-

perature (296 K) as a function of the number of inserted
Fe atomic layers in Fig. 6a. Although the values of |ΔRNL|
and |ΔRL| are relatively low compared to those in Fig. 1b
because of the presence of spin relaxation in Ge15,16 and
the decrease in the spin polarization of CFAS, the ten-
dency observed here is similar to that in Fig. 1b. This
means that the effect of spin injection through the energy-
band symmetry matching between CFAS and Ge via Fe5–6
on the spin transport in the LSV device can be observed
even at room temperature. In Fig. 6b, we can clearly
observe spin-valve-like hysteretic behavior two orders of
magnitude larger than those reported previously in
refs. 4,17. Note that the room-temperature MR ratio, i.e.,
ΔRL/R × 100, for the LSV device with Fe5–6 is ∼0.04%,
which is approximately two orders of magnitude larger
than those in the LSV devices without insertion of Fe
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atomic layers17 and is on the same order as the highest
value at room temperature in Si-based LSV devices with
MgO tunnel barriers34, where R is the resistance value
measured in the parallel magnetization states of LSV
devices. A detailed comparison of the MR ratios in LSV
devices between CFAS/Fe5–6/Ge Schottky-tunnel elec-
trodes and CoFe/MgO/Si electrodes is presented in Fig. 6c.
Because our LSV devices do not utilize insulators as
tunnel barriers at the electrodes, the values of RA at low
applied bias voltages (∼0.12 V) for obtaining the highest
MR ratio can be less than 0.20 kΩ µm2 (Supplementary
Fig. S1), maintaining the low parasitic resistance at the
electrodes. On the other hand, for Si-based LSV devices
with CoFe/MgO/Si electrodes, quite high bias voltages
(∼2.3 V) should be required for obtaining the largest MR
ratio at room temperature. Due to this superiority, we can
reduce the electric power for obtaining the largest MR
ratio at room temperature down to ∼0.12 mW, one order
of magnitude lower than that (∼1.15 mW) in Si-based
LSV devices with MgO tunnel barriers34. Therefore, spin
injection technique with a band symmetry-matched
CFAS/Fe/Ge(111) heterostructure is available for achiev-
ing high-performance SC-based spintronic devices even at
room temperature. If energy-band symmetry matching
without the use of insulator barrier layers is proposed and
developed for other semiconducting channel materials,
such as Si3,7,34 and graphene35,36, then efficient spin
injection techniques can be utilized even for other group
IV SC spintronic devices that can operate at room tem-
perature. This approach provides a new solution for the

simultaneous achievement of a high MR ratio and a low
parasitic resistance in future SC spintronic architectures
at room temperature.
In conclusion, we have shown an efficient spin injection

technique for an SC using an atomically controlled fer-
romagnet/ferromagnet/SC heterostructure with low-
resistive Schottky-tunnel barriers. On the basis of sym-
metry matching of the electronic bands between the top
highly spin-polarized ferromagnet and the SC, the mag-
nitude of spin signals in LSV devices can be enhanced by
up to one order of magnitude compared to those obtained
with conventional ferromagnet/SC structures. Because
the spin injection technique with energy-band symmetry
matching between the highly spin-polarized ferromagnet
and the SC presented here did not require the use of
insulator tunnel barriers at the ferromagnet/SC electrodes
in the device structures, we simultaneously achieved the
best device performance, i.e., the same order of magnitude
as the highest MR ratio at room temperature and the
lowest electric power at the electrodes. This approach
provides a new solution for the simultaneous achievement
of highly efficient spin injection and low electric power at
the electrodes in SC devices, leading to novel SC spin-
tronic architectures at room temperature.

Materials and methods
Growth of FM/SC layers and device fabrication
First, we grew an undoped Ge(111) layer (∼28 nm) at

350 °C (LT-Ge) on a commercial undoped Si(111) sub-
strate (ρ ∼ 1000Ω cm), followed by an undoped Ge(111)
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layer (∼70 nm) grown at 700 °C (HT-Ge) by molecular
beam epitaxy (MBE)16. Then, a 140-nm-thick phos-
phorus (P)-doped n+-Ge(111) layer (doping concentra-
tion ∼1019 cm−3) was grown by MBE at 350 °C on top of
it as a spin transport layer. The electron carrier con-
centration was estimated to be 6.0–7.0 × 1018 cm−3.
From the free electron model, the position of the Fermi
level in n-Ge is roughly estimated to be ∼78.6 meV
above the conduction band edge. To promote tunneling
conduction at FM/SC Schottky interfaces, two P δ-
doped Ge layers with an ultrathin Si insertion layer were
grown on top of the n+-Ge layer16. As a spin injector
and detector, double FM/FM layer structures were
fabricated as follows. First, we controlled the deposition
by MBE below 80 °C of the Fe atomic layer (AL) from 0
to ∼10 AL on the δ-doped Ge layers. Next, we grew a
Heusler alloy, Co2FeAl0.5Si0.5 (CFAS), with a thickness
of 8 nm on top of it by using nonstoichiometric growth
techniques with Knudsen cells during MBE15,16. As a
result, Schottky tunnel conduction of electrons for
electrical spin injection from CFAS into Ge through the
controlled Fe atomic layers was demonstrated. Finally,
the grown layers were patterned into electrodes with
sizes of 0.4 × 5.0 µm2 (FM1) and 0.5 × 5.0 µm2 (FM2).
Note that since the two P δ-doped layers were removed
in the spin-transport channel layer, the spin transport
shown in this article was not influenced by the P δ-
doped layers. The edge-to-edge distance (d) between the
FM/n-Ge electrodes was designed to be ∼0.45 µm.
Schematic aspects of the fabricated devices were shown
in our previous works15–17,20. For all the LSV devices in
this paper, the size of FM contacts and the width and
thickness of SC layers were the same.

Measurements and data analyses
By applying in-plane magnetic fields (By), nonlocal and

local MR measurements were carried out in the two- and
four-terminal schemes, respectively, with a standard dc
method23–26, leading to ΔRNL versus By or ΔRL versus By

curves at various temperatures. We also applied out-of-
plane magnetic fields (Bz) under parallel and antiparallel
magnetization configurations to record ΔRNL as a func-
tion of Bz. To roughly estimate the spin injection/detec-
tion efficiency (P) at the spin injector and spin detector
contacts from ΔRNL, we used the following relation1,23,24:

ΔVNL

I
¼ ΔRNL ¼ P2ρNλN

S
exp � d

λN

� �
; ð1Þ

where ρN and S are the resistivity (1.59 mΩ cm ≤ ρN ≤
2.16 mΩ cm) and the cross-sectional area (0.98 µm2) of
the SC layer. For our Ge spin transport layer, the value of
λN was already clarified to be λN= 0.84 ± 0.07 µm at 8 K
(Supplementary Fig. S2), nearly consistent with those in

the previous work37. Although there is a bias-current
dependence of ΔRL, in this article, we used the highest
value of ΔRL at a low bias I at 8 K. We can also estimate
the interface spin polarization γ at the spin injector and
spin detector contacts from ΔRL. In general, the
magnitude of ΔRL in an FM/SC/FM structure with double
tunnel barriers has been expressed as follows6,38:

ΔVL

I
¼ ΔRL ¼ 8γ1γ2r

�2
b rN

2r�b þ rN
� �2

exp d
λN

� �
� r2N exp � d

λN

� �n o
S
;

ð2Þ
where γ1 and γ2 are the spin polarizations of the FM1/SC
and FM2/SC interfaces, rb

∗ indicates the RA value for the
FM/SC interfaces, and rN is the spin resistance of the
SC layer.

Computational details for calculations
We performed theoretical calculations on the basis of

first-principles density functional theory (DFT) using the
Quantum-ESPRESSO package39 with ultrasoft pseudopo-
tentials and a plane-wave basis set. The cutoff energies for
the wave function and charge density were set to 40 and
400 Ry, respectively. To evaluate the transmittance of the
spin-resolved conductance, we used the PWCOND pro-
gram package40, implemented in Quantum-ESPRESSO.
We considered an open quantum system consisting of a
scattering region corresponding to a 111-oriented CFAS/
Fe/Ge/Fe/CFAS heterostructure attached to left and right
semi-infinite electrodes corresponding to bulk CFAS with
a hexagonal unit cell. The transmittance was obtained
from scattering equations with infinite boundary condi-
tions in which the wave function of the scattering region
and the derivative were smoothly connected to the Bloch
states of each electrode. The CFAS/Ge/CFAS hetero-
junction with Fe surface termination of CFAS was con-
structed by 49 CFAS and 16 Ge atomic layers. The CFAS/
Fe5/Ge/Fe5/CFAS heterojunction, where Fe5 means 5
atomic layers of Fe, was constructed by 10 Fe, 39 CFAS,
and 16 Ge atomic layers.
The structures of these heterojunctions were optimized

while keeping the in-plane lattice constant at 4.07 Å,
which is the calculated equilibrium lattice constant of
diamond Ge with a hexagonal unit cell. Here, 12 × 12 × 1
and 96 × 96 k-meshes were adopted to obtain the elec-
tronic structures and optimized structure of the scattering
region and the k-point-averaged transmittance, respec-
tively. The nonstoichiometric Al0.5Si0.5 sites were treated
by using the virtual crystal approximation. For all calcu-
lations, the Methfessel–Paxton smearing method with a
broadening parameter of 0.01 Ry was used, and the
GGA30 was applied for the exchange and correlation
functional.
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