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Realizing efficient spin-charge conversion is an important issue in spin-based electronics, especially
for the development of low-power-consumption magnetization switching. A spin-charge conversion is
generally induced in a nonmagnetic (NM) layer by the inverse spin Hall effect in the bulk or by the inverse
Rashba-Edelstein effect at surfaces or interfaces. In the bulk, the spin-charge conversion efficiency is called
the spin Hall angle, θSHE, and it is limited by the spin-orbit interaction of the bulk layer. Thus, artificially
enhancing θSHE to greater than its intrinsic value is difficult. Here, using spin-pumping measurements
on a well-controlled interface between a ferromagnetic (FM) Co2FeAl0.5Si0.5 (CFAS) layer and a NM
n-type Ge layer, we demonstrate that θSHE can be strongly enhanced by annealing the sample and the
resulting interdiffusion of atoms within only about 3.7 nm around the CFAS/n-Ge interface. Because of
this annealing process, θSHE is increased from 0.0058–0.0079 to 0.015–0.019, which is much larger than
the intrinsic value of θSHE reported for Ge (0.00096–0.002) and is comparable to θSHE values reported for
Pt. This enhancement is attributed to strong scattering of the spin current in the intermixed layer formed
at the interface by annealing. Our results indicate that θSHE is strongly influenced by the atomic structure
of the FM/NM interface, which suggests an efficient method to control spin-charge conversion by precise
control of the FM/NM interface.

DOI: 10.1103/PhysRevApplied.14.024096

I. INTRODUCTION

In the research field of spintronics, which is expected
to generate next-generation devices that overcome the
limitations of complementary metal-oxide-semiconductor
technology, the realization of a highly efficient spin-
charge-current conversion is extremely important, espe-
cially for the development of functional devices, such
as spin-orbit torque magnetic random access memory
[1–4]. The spin current can be generated by various
methods, such as electrical spin injection [5,6], thermal
excitation [7,8], spin pumping [9], and optical spin ori-
entation [10]. Among them, spin pumping is believed
to be a very efficient way to inject a pure spin cur-
rent from a ferromagnetic (FM) layer into a nonmag-
netic (NM) layer using ferromagnetic resonance (FMR) in
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FM/NM bilayer systems [11,12]. The injected spin cur-
rent is converted into the charge current by the inverse
spin Hall effect (ISHE) in the NM layer, where its
efficiency, the so-called spin Hall angle, θSHE, is lim-
ited by the spin-orbit interaction (SOI) of this layer.
Thus, artificially controlling θSHE is generally difficult
when the same material system is used. Here, using spin
pumping, we demonstrate that θSHE can be enhanced
to more than the intrinsic value of the NM layer due
to a slight interdiffusion of atoms at the FM/NM inter-
face. Our result indicates that θSHE is strongly influ-
enced by the atomic structure at the FM/NM interface,
which expands the possibility of efficiently controlling
spin-charge conversion with a low power consumption
by controlling atomic ordering at FM/NM interfaces.
This work is an experiment that compares the results
obtained by the four-terminal electrical spin-injection and
spin-pumping measurements, which will help to improve
our understanding about details of the spin-injection
process.
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II. SAMPLE PREPARATION AND
EXPERIMENTAL SETUP

For experiments, we use a sample composed of
Co2FeAl0.5Si0.5 (CFAS) (25 nm)/P-doped n-Ge (dop-
ing concentration: 6–7 × 1018 cm–3) (140 nm)/undoped
Ge(111) buffer layer (100 nm) grown on a Si (111) sub-
strate by molecular beam epitaxy (MBE) [Fig. 1(a)]. CFAS
is chosen as the ferromagnetic spin injector because we can
make an atomically sharp interface between CFAS and Ge
due to their good lattice matching (the mismatch is ∼0.4%)
[13]. The CFAS layer in our heterostructure has both L21-
order and B2-order phases, and thus, it is not halfmetallic.
We note that the lattice strain in Ge due to the lattice mis-
match between Ge and Si is fully relaxed in the undoped
Ge buffer layer. We also prepare a reference sample com-
prising a single layer of CFAS (25 nm) that is directly
grown on an undoped Ge(111) substrate by MBE, in which
a generated spin current is negligible. We hereafter refer
to this sample as a reference sample. This reference sam-
ple is needed because we estimate the spin current density
using the difference in the peak-to-peak FMR line widths
of the CFAS layer with and without spin-current injection
and absorption. In our sample grown on Si, two pairs of
a P δ-doped Ge layer (3 and 4 nm) and an ultrathin Si
layer (0.3 nm) are inserted at the interface between the
CFAS and n-Ge layers. These ultrathin Si layers can sup-
press the segregation of P atoms to the surface during MBE
growth, enabling us to have precise control of the P con-
centration in the P δ-doped Ge layers [14]. This δ-doping
technique can decrease the Schottky barrier width and
tunneling resistance between CFAS and n-Ge [Fig. 1(b)],
playing a crucial role in efficient spin injection and detec-
tion in electrical measurements [14,15]. We anneal part of
the sample at a low temperature of 300 °C for 10 min in
N2 gas at ambient pressure, which induces interdiffusion
of the atoms in the vicinity of the CFAS/n-Ge interface,
but this process does not affect the transport properties of
n-Ge [16]. As shown in the scanning transmission elec-
tron microscopy (STEM) images [Figs. 2(a) and 2(c)], a
highly crystalline CFAS/n-Ge interface is produced in both
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FIG. 1. (a) Schematic structure of the CFAS/n-Ge sample. All
layers are epitaxially grown by MBE. (b) Band alignment close
to the CFAS/n-Ge interface.
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FIG. 2. STEM lattice images in the vicinity of the interface
between CFAS and n-Ge in (a) as-grown and (c) annealed sam-
ples. EELS spectral intensity in the vicinity of the CFAS/n-Ge
interface in (b) as-grown and (d) annealed samples. Region
between dashed lines corresponds to the intermixed region
between CFAS and n-Ge layers. Thickness of the intermixed
region in the annealed sample is clearly larger than that in the
as-grown sample.

the as-grown and annealed samples. However, when we
carefully look at the interface using electron energy-loss
spectroscopy (EELS) [Figs. 2(b) and 2(d)], the annealed
sample has an interdiffused area (∼3.7 nm) that is twice
that of the as-grown sample (∼1.9 nm) at the CFAS/n-Ge
interface (see the area between the broken lines). In previ-
ous electrical measurements [16] that used this annealing
process for a CFAS/P δ-doped Ge interface, the spin-
injection and -detection efficiency, PS, decreased due to
this interdiffusion. Meanwhile, as shown below, our spin-
pumping experiments reveal that θSHE is enhanced by
annealing.

III. RESULTS

A. Electrical transport and electrical spin-injection
measurements

The resistivity, ρGe, of n-Ge is measured using a four-
terminal method for a lateral spin-valve device made from
our CFAS/n-Ge sample [see the green line in Fig. 3(a)].
Details of the fabrication process of this device are
described in Refs. [15,17,18]. To obtain the resistivity,
ρCFAS, of CFAS, we prepare a sample composed of a
CFAS layer (25 nm) directly grown on a MgO substrate
by MBE. Because the MgO substrate is highly resistive,
we can obtain the resistivity only of CFAS by measuring
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FIG. 3. (a) Temperature dependence of the resistivities ρGe (of
n-Ge) and ρCFAS (of CFAS) of as-grown and annealed samples.
(b) Temperature dependence of the spin-diffusion length, λGe, in
n-Ge with a carrier density of 6–7 × 1018 cm–3.

the resistance of this sample [see the red and blue lines
in Fig. 3(a)]. ρGe and ρCFAS monotonically decrease with
decreasing temperature. Electrical spin-injection measure-
ments are carried out on a lateral spin-valve device made
from our CFAS/n-Ge sample. From the obtained spin sig-
nals, the spin-diffusion length λGe of Ge is estimated as
shown in Fig. 3(b). The detailed method of the estimation
of λGe is described in Refs. [15,17,18].

B. Spin-pumping measurements

For the as-grown and annealed CFAS/n-Ge samples, we
carry out spin-pumping measurements using a transverse
electric TE011 cavity in an electron spin-resonance system
with a microwave frequency of 9.1 GHz and with various
microwave powers (MPs), ranging from 10 to 100 mW.
For measurements, as shown in Fig. 1(a), a static mag-
netic field, H, is applied along the [1̄10] direction of the
Ge layer in the film plane (i.e., θH = 0° or 180°), which
corresponds to the easy magnetization axis of CFAS. Here,
θH is defined as the out-of-plane angle of H with respect
to the in-plane [1̄10] axis. The microwave magnetic field,
hmw, is applied along the [112̄] direction in the film plane.
As shown in the H dependence of the electromotive force
(EMF), V(H ), for various MPs at 300 K, with θH = 0 and
180° [Figs. 4(a) and 4(b)], the EMF is enhanced at the
FMR field, H FMR (=85 mT), and the EMF monotonically
increases with increasing MP, which are typical results of
spin-pumping experiments. The most noticeable point is
that the magnitude of the EMF in the annealed sample is
significantly larger than that in the as-grown sample.

To extract the signal of the ISHE, we decompose the
EMF into a symmetric component, Vsym, which includes
the signal of the ISHE, and an asymmetric component,
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FIG. 4. Magnetic field, H, dependencies of the EMF at 300 K
measured for (a) as-grown and (b) annealed samples with various
MP values, ranging from 10 to 100 mW. In the electron-spin-
resonance system, a microwave magnetic field, hmw, is applied
along the [112̄] direction of the Ge layer. (c) MP dependences
of the symmetric component Vsym in the as-grown and annealed
samples. (d) Magnetic field, H, dependences of the microwave-
absorption derivative for as-grown and annealed samples at
300 K with MP = 50 mW.

Vasym, using the following equation:

V(H) = Vsym
ΔH 2

(H − HFMR)2 + ΔH 2

+ Vasym
−2ΔH(H − HFMR)

(H − HFMR)2 + ΔH 2
, (1)

where �H is the half width at half maximum of the FMR
line width. As shown in Fig. 4(c), we see a linear rela-
tion between the MP and Vsym. To extract the signal of the
ISHE, the sign of which should be reversed with a rever-
sal in the H direction, and to eliminate the contribution of
the Seebeck effect, we derive Vsym,ave, which is defined as
(Vsym,0◦ − Vsym,180◦)/2, where Vsym,0° and Vsym,180° are the
Vsym values for θH = 0° and 180°, respectively.

Next, we estimate the spin current density,
j CFAS/n-Ge
S , from the mixing conductance, g↑↓

r . Here, g↑↓
r is

obtained from the difference in the FMR peak-to-peak line
widths between the CFAS/n-Ge sample (�Hpp,CFAS/n-Ge ),
which is shown in Fig. 4(d), and the reference sample
(�Hpp,CFAS), where the spin-current injection is negligible,
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as follows:

g↑↓
r = 4πMSdCFAS

gμB
(αCFAS/n-Ge

− αCFAS), (2)

where MS, dCFAS, g, μB, αi = √
3γΔHpp,i/(2ω) (i =

CFAS/n-Ge and CFAS), γ , and ω are the saturation mag-
netization of CFAS, the thickness of the CFAS layer, the
g factor [19], the Bohr magneton, the damping constant
of the CFAS/n-Ge sample and reference sample, the gyro-
magnetic ratio, and the angular frequency, respectively.
For the estimation of g↑↓

r for the annealed sample, we use
a 29.5% smaller value of αCFAS than that of the reference
sample, following the experimental results in Ref. [13]. [In
Ref. [13], Kuerbanjiang et al. estimated the damping con-
stants using the frequency dependence of the resonance-
field line width in the as-grown CFAS layer grown on a
Ge(111) substrate and those annealed at 350 and 450 °C.
The damping constant is decreased by 32.1% and 48.2%
by annealing at 350 and 450 °C, respectively. Supposing
that the damping constant linearly decreases as the anneal-
ing temperature increases from 25 to 450 °C, the damping
constant of the sample annealed at 300 °C is estimated to
be 29.5% smaller than that of the as-grown sample.] We
note that MS at 300 K decreases from 921 to 709 emu/cm3

by annealing at 300 °C. This behavior is also shown in
Ref. [16]. The decrease in saturation magnetization is con-
firmed at all temperatures. We also note that the influence
of the extrinsic line width component of CFAS [13] is
cancelled out in Eq. (2).

We derive j CFAS/n-Ge
S by using

j CFAS/n-Ge
S

=
g↑↓

r γ 2h2
mw�

[
4πMSγ +

√
(4πMS)

2γ 2 + 4ω2

]

8παCFAS/n-Ge
2[(4πMS)

2γ 2 + 4ω2]
, (3)

where � is the Dirac constant. The estimated value of
j CFAS/n-Ge
S is 5.70 × 10−11 J/m2 for the as-grown sam-

ple and 6.25 × 10−11 J/m2 for the annealed sample. The
parameters used for the derivation of the spin current are
shown in Table I. The estimated value of j CFAS/n-Ge

S is
not largely different between the as-grown and annealed
samples. Finally, we estimate θSHE using the following
equation:

Vsym,ave = lθSHEλGetanh(dGe/2λGe)
σGedGe + σCFASdCFAS

×
(

2e
�

)
j CFAS/n-Ge
S , (4)

TABLE I. Physical values used for the estimation of the spin
current density at 300 K.

As-grown Annealed

αCFAS/n-Ge 0.0149 0.0174
αCFAS 0.00931 0.00776
MS (T) 1.16 0.891

where σGe, σCFAS, dGe, and dCFAS are the conductivities and
thicknesses of the n-Ge and CFAS layers, respectively; l
is the length of the sample [see Fig. 1(a)]; and e is the
elementary charge.

The obtained temperature dependences of the EMF,
current density, and estimated θSHE in the as-grown and
annealed samples are shown in Figs. 5(a), 5(b), and
Figs. 6(a), 6(b). The estimated θSHE is 0.0058–0.0079 for
the as-grown sample and 0.015–0.019 for the annealed
sample. Both values are nearly independent of tempera-
ture, which means that the contributions of the anomalous
and planar Hall effects are negligibly small because these
are proportional to ρn [see Fig. 3(a)], where n is 1–2 [20].
The θSHE values for both samples are much higher than
those previously reported for Ge (θSHE ∼ 0.00096–0.002
[21–23]). In the case of the as-grown sample, the large
θSHE values can be partly attributed to the high-quality
all-epitaxial single-crystal layers and to nearly no contri-
bution from the random magnetic stray fields due to the
sharp FM/NM interface, as shown in the STEM images
[Figs. 2(a) and 2(c)]. As discussed below, the effect of
the slight interdiffusion of atoms at the FM/NM inter-
face (∼1.9 nm) may also be another cause of this large
θSHE. The most important finding herein is that θSHE for
the annealed sample is much larger than that for the as-
grown sample at all temperatures, which means that θSHE
is very sensitive to the atomic structure of the FM/NM
interface. Surprisingly, the θSHE values obtained for the
annealed sample are comparable to values reported for Pt
(θSHE= 0.012–0.12 [24–26]).

C. Confirmation of the negligibly small ISHE signal in
the reference sample

We measure the temperature dependence of the EMF
induced by the ISHE in the reference sample with a
microwave power of 50 mW and estimate the generated
current density [Fig. 6(a)]. We subtract the current density
obtained for the reference sample from those obtained for
the as-grown and annealed samples and estimated the spin
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(a) (b)
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FIG. 5. Magnetic field, H, dependence of the EMF obtained
with MP = 50 mW for (a) as-grown and (b) annealed samples
at various temperatures, ranging from 70 to 300 K. H is applied
along the [1̄10] direction.

Hall angle, θSHE [Fig. 6(b)], by using

Vsym,ave
σGedGe + σCFASdCFAS

lλGe tanh
(

dGe
2λGe

)

− Vref
sym,ave

σ ref
Ge dref

Ge + σCFASdCFAS

lλref
Ge tanh

(
dref

Ge
2λref

Ge

)

= θSHE

(
2e
�

)
j CFAS/n-Ge
S ,

where Vref
sym,ave is (Vref

sym,0◦ − Vref
sym,180◦)/2, where Vref

sym,0◦ and
Vref

sym,180◦ are the Vsym values obtained for the reference
sample for θH = 0° and 180°, respectively; λref

Ge is the spin-
diffusion length of n-Ge when the doping concentration is
very low (1 × 1016 cm–3) [27]. We confirm that there is not
a large difference between the θSHE values before and after

(a) (b)

Annealed

As-grown

Annealed

As-grown

Reference sample

w/o subtraction
with subtraction

FIG. 6. (a) Temperature dependences of the density of the cur-
rent generated by the ISHE in the as-grown sample, annealed
sample, and reference sample with MP = 50 mW. (b) Temper-
ature dependence of θSHE of as-grown and annealed samples
before and after subtracting the current density of the reference
sample.
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FIG. 7. Difference in spin-charge-conversion processes
between (a) as-grown and (b) annealed samples. In (a), spin
current, Js, is efficiently injected into n-Ge and converted into
charge current, Jc, in n-Ge. In (b), Js is not efficiently injected
into n-Ge due to strong scattering in the intermixed layer and is
converted into Jc in the intermixed layer.

subtraction of the signal obtained for the reference sample
[Fig. 6(b)].

IV. DISCUSSION

Here, using the θSHE values obtained in our study and
the PS values obtained in the electrical measurements in
Ref. [16], we discuss the physical nature of the spin-
charge conversion process in our samples. The previous
study in Ref. [16] reported that the PS drastically decreased
upon annealing. Meanwhile, our spin-pumping experi-
ment shows the opposite behavior; after annealing, θSHE
is increased from 0.0058–0.0079 to 0.015–0.019. These
results can be explained using Fig. 7. In the as-grown
sample, the spin current, Js, is efficiently injected into n-
Ge due to the elevated PS [Fig. 7(a)], and then the Js is
converted into the charge current, Jc, in the n-Ge layer
through the ISHE. In the case of the annealed sample, how-
ever, Js is not efficiently injected into n-Ge, reflecting the
decreased PS [Fig. 7(b)]. The intermixing layer strongly
disturbs Js due to the strong SOI, which converts Js into Jc
very efficiently. Here, the injected Js is not completely con-
verted into Jc in the intermixing layer, but a small amount
of Js flows into n-Ge and is converted into Jc in n-Ge
[Fig. 7(b)]. This scenario suggests that the intermixed layer
has potential as an efficient spin-charge converter.

Although the inverse Rashba-Edelstein effect (IREE)
is reported for the Fe/Ge(111) interface [28], this is not
likely to be the origin of our EMF signals. The IREE
length, λIEE, is proportional to the mean free path, λ, of
electrons [29], while θSHE is inversely proportional to the
spin-diffusion length, λs. If the IREE mainly worked in our
samples, the EMF of the as-grown sample would be larger
than that of the annealed one because λ and λs near the
CFAS/n-Ge interface should be larger due to smaller inter-
diffusion in the as-grown sample than that of the annealed
sample. However, our results are opposite. Therefore, we
can conclude that the ISHE works in the intermixing layer.
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The abovementioned results also indicate that identify-
ing the origin of θSHE obtained in spin-pumping experi-
ments is very difficult, even in bilayer structures. Because
interdiffusion of atoms within only about 3.7 nm strongly
influences the θSHE value, we need a careful analysis of the
atomic structure and the distribution of atoms in FM/NM
samples used in spin-pumping experiments.

V. SUMMARY

We investigate how the interdiffusion of atoms induced
by annealing influences θSHE in a CFAS/n-Ge heterostruc-
ture using spin pumping. After annealing, θSHE is strongly
enhanced from 0.0058–0.0079 to 0.015–0.019. These val-
ues are larger than those previously reported for Ge. Fur-
thermore, θSHE of the annealed sample is comparable to
values reported for Pt. This result is opposite to the behav-
ior of PS obtained by previous transport measurements; PS
in that case decreases after annealing. The increased PS
and decreased θSHE in the as-grown sample indicate that
the spin current is efficiently injected into n-Ge and spin-
charge conversion occurs in n-Ge. Meanwhile, decreased
PS and increased θSHE in the annealed sample indicate that
the spin current is converted into the charge current due to
the large SOI of the intermixing layer formed at the inter-
face. Our result indicates that θSHE is strongly influenced
by the atomic structure of the FM/NM interface. These
results help to explain detailed processes of spin-charge
conversion and spin injection in FM/NM bilayer struc-
tures, which provide a method of producing highly efficient
spin-charge conversion by controlling the interdiffusion of
atoms.
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