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We show a direct evidence for the impact of Heusler /semiconductor interfaces atomic structure on
the spin transport signals in semiconductor-based lateral spin-valve (LSV) devices. Based on atomic
scale Z contrast scanning transmission electron microscopy and energy dispersive x-ray spectroscopy
we show that atomic order/disorder of Co2FeAly.5Si0.5 (CFAS)/n-Ge LSV devices is critical for the
spin injection in Ge. By conducting a post annealing of the LSV devices, we find 90% decrease in
the spin signal while there is no difference in the electrical properties of the CFAS/n-Ge contacts
and in the spin diffusion length of the n-Ge layer. We show that the reduction in the spin signals
after annealing is attributed to the presence of intermixing phases at the Heusler/semiconductor
interface. First principles calculations show how that intermixed interface region has drastically
reduced spin polarisation at the Fermi level, which is the main cause for the significant decrease of
the spin signal in the annealed devices above 300 °C.

Semiconductor (SC)-based spintronics has been ex-
plored for novel information storage and logic devices
utilizing the spin angular momentum! . Recent works
have clarified some important parameters such as spin
lifetime and spin diffusion length in SCs by using four-
terminal nonlocal measurements® 1%, which are the most
reliable methods, in lateral spin-valve (LSV) devices with
GaAsH11713 Gi14716 and Ge channels'” 2!,

In general, highly efficient electrical creation and de-
tection of spin currents in SCs are particularly impor-
tant for the fundamental concepts of spin transistors2223.
For n-type GaAs, the spin injection and detection in
LSVs has been reported, emphasising the role of the
interface®!213.  However, there is almost no discus-
sion about the direct comparison between the magni-
tude of the nonlocal spin signals and the atomic struc-
tural ordering of the Heusler/SC interfaces. Further-
more, it is of crucial importance knowing how anneal-
ing, a common procedure in Heusler based spin-devices
undertaken for improving the structural and chemical
ordering of the deposited films, will affect spin po-
larization and overall magnetic/electronic properties of
Heusler/SC based devices. Recently, for n-type Ge,
we have pioneered and demonstrated the spin injec-
tion/detection techniques with ferromagnetic Heusler-
alloy/Ge heterointerfaces?®?425  which allow us to ad-
dress the relevant interface phenomena using the LSVs
with the Heusler-alloy/Ge contacts.

In this work, the nonlocal spin signals are examined for
LSVs with as-prepared and annealed Heusler-alloy/Ge
contacts. Nonlocal spin signals are strikingly decreased
down to less than a tenth after annealing at 300 °C. It

should be noted that between as-prepared and annealed
devices there is no difference in the electrical proper-
ties of the Heusler-alloy /n-Ge contacts and spin diffusion
length of the n-Ge layer. Based on high angle annular
dark field (HAADF) scanning transmission electron mi-
croscopy (STEM) imaging and energy dispersive X-ray
spectroscopy (EDS) analysis, we show that the reduction
in the spin signals after annealing is attributed to the
presence of intermixing phases at the Heusler-alloy/Ge
interfaces. This means that the loss of the interface
atomic and chemical abruptness affects significantly the
amplitude of the detected spin signals in the semicon-
ductor spintronic devices. We compare and discuss in-
termixing of Heusler/Ge interface between as-prepared
and annealed LSVs.

A schematic of the used LSV with Heusler-alloy/n-Ge
contacts and measurement scheme for four-terminal non-
local magnetoresistance are shown in Fig. 1(a). Here we
used CosFeAly5Sip 5 (CFAS) as a spin injector and a
detector?*?®. To promote the tunneling conduction for
spin injection and detection, a P d-doped Ge layer with
an ultra-thin Si insertion was grown at CFAS/n-Ge in-
terfaces. The detailed procedures of the crystal growth
of CFAS films and n-Ge spin-transport layers were shown
elsewhere?426:27. The carrier concentration (n) in the n-
Ge layer was n ~ 8.0 x 10'® cm™3, estimated from the
Hall-effect measurements. The two different CFAS /n-Ge
contacts with 0.4 x 5.0 um? and 1.0 x 5.0 ym? in size
were fabricated by conventional electron-beam lithogra-
phy and Ar-ion milling. The centre-to-centre distances
between the CFAS/n™-Ge contacts were designed to be
1.1 pm. Post annealing for LSVs was conducted at 150,
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FIG. 1. (Colour online) (a) Schematic illustration of the fab-
ricated CFAS/n-Ge based LSV. (b) Nonlocal magnetoresis-
tance curve and (c) Hanle curves at 8 K for as-prepared and
annealed LSVs. (d) J —V characteristics for the CFAS/n-Ge
contacts in as-prepared and annealed LSVs.

200, 250, 300 and 400 °C for 10 min under N, gas at
ambient pressure. To detect spin transport in n-Ge, non-
local magnetoresistance (ARNy, = AVny,/I) curves were
measured by applying in-plane or out of plane magnetic
fields (By or B,).

Cross-sectional transmission electron microscopy sam-
ples were prepared by focused-ion-beam (FIB) technique
and by conventional methods that include mechanical
thinning and Ar ion milling?®. Atomic-level structural
studies were performed by HAADF STEM imaging on
a Nion UltraSTEM 100 microscope, operated at 100 kV,
with a convergence angle of 30 mrad; at these optical con-

ditions the electron probe size is determined to be 0.9 A;
the inner detector angle for HAADF STEM imaging was
76 mrad. Further atomic-level STEM analysis was per-
formed using ARM200F microscope with probe and im-
age aberration CEOS correctors operating at 300 kV. An-
nular Dark Field images were obtained with a JEOL an-
nular field detector with an inner angle of 70 mrad; fine
imaging probe of ~23 pA and convergence semi-angle
of ~22 mrad. EDS analysis was performed with probe
currents of approximately 200 pA and collected with a
windowless Oxford Instruments X-Max Silicon Drift De-
tector with area of 100 mm?. Density functional theory
(DFT) calculations were performed with the CASTEP
code?”. The PBE+U exchange correlation functional was
used, and a Hubbard-U term set to 2.1 eV for both d-
block elements Co and Fe. This value for the Hubbard-U
term has previously been shown to open up the minority
band-gap, approximately correcting for the delocalising
effect of self-interaction with PBE alone3’. The plane
wave cut-off energy was set to 600 eV, while the Brillouin
zone was sampled using a Monkhorst-Pack grid with a k-
point sampling spacing of 0.035 2rA~1.

Fig. 1(b) shows a comparison of the nonlocal magne-
toresistance curves at 8 K between as-prepared and an-
nealed LSVs, where the annealing temperature is 300 °C.
For the annealed LSV, the spin signal is degraded down
to ~ 1.5 mf) whereas a spin signal of ~ 25 mf) is ob-
tained for the as-prepared LSV. If the annealing tem-
perature was risen up to 400 °C, we could not see such
spin signals even at 8 K (not shown here). Also, the
annealing below 250 °C did not affect the value of the
spin signals. Thus, we can infer that the post annealing
above 300 °C affects the detection of spin transport in
CFAS/n-Ge-based LSVs.

In Fig. 1(c) we also measure the nonlocal Hanle effect
under parallel and anti-parallel magnetization configura-
tions to record ARyt as a function of B,. For both LSVs,
evident spin precession curves (Hanle curves) can be seen.
Using the Hanle curves, we can roughly extract 7. 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 spin drift dif-
fusion model,

t

TGe

ARy (B,) = £A /0 ~ 5(t)cos(wrt)exp (— )dt, (1)

where A = DinifaerceD oy — o5, ©XP (—4L—D2t), wr,
(= gusB./h) is the Larmor frequency, g is the elec-
tron g-factor (g = 1.56) in Ge3!, and pp is the Bohr
magneton. Here, P; and Pye; are the spin polariza-
tion of the electrons in n-Ge, created by the spin in-
jector and detector, respectively, pge is the resistivity
(1.74 mQem < pge < 1.83 mQem), S is the cross sec-
tion (S = 0.49 um?) of the n*-Ge layer used here, and
L is the center-to-center distance between the spin injec-
tor and detector (L = 1.1 pym). Here we have confirmed
that there is no change in J — V characteristics for the



TABLE I. Comparison of the extracted parameters from
Hanle curves at 8 K for as-prepared and annealed LSVs.

as-prepared LSV |annealed LSV
TGe (nS) 0.46 + 0.002 0.48 + 0.05
D (em?/s)| 10.34 4+ 0.02 | 9.78 + 0.27
Age (pm) 0.69 0.68

CFAS/n-Ge contacts in as-prepared and annealed LSV,
as shown in Fig. 1(d), and no influence of the contact-
induced spin relaxation on the Hanle analysis®2. Consid-
ering the electrical property in Fig. 1(d), we can judge
that the tunneling mechanism did not change to the two-
step tunneling through the interface states. Thus, we do
not have to consider the two step model for spin injection
into a semiconductor through interface states33.

The solid curves presented in Fig. 1(c) indicate the re-
sults fitted to Eq. (1). From these analyses, the extracted
Tge and D are summarized in Table I, together with
the calculated spin diffusion length (Age = v/D7ge). For
both LSVs, all the parameters are nearly the same, mean-
ing that the post annealing at 300 °C did not affect 7¢e,
D, and Age. In addition these values are consistent with
the experimental data previously reported!®242% and the
expected values from the recent theoretical studies for
heavily doped n-Ge3*35, For these reasons, we deduce
that the magnitude of the nonlocal spin transport sig-
nals is significantly influenced by factors different than
the spin lifetime and the spin diffusion length in the
spin transport layers. From Eq. (1) and these param-
eters in Table I, we can also estimate the spin polariza-
tion (y/PinjPuaet) of as-prepared and annealed LSVs to be
~0.067 and ~0.022, respectively, at 8 K. After the an-
nealing, the y/PinjPgct is reduced down to one-third in
our LSVs.

Next we explore the structural properties of CFAS/n-
Ge interfaces in order to find out the correlation between
the structure and reduction of the spin polarization in
the interface region. We focus on the presence of atomic
disorder or secondary phases formation as a potential
source for the strong reduction in the \/PijPger from
~0.067 to ~0.022. For cross-sectional HAADF-STEM
analysis we selected two representative LSV devices, the
device with best performance (as-prepared) and the de-
vice that has drastically reduced spin signal (annealed
at 300 °C). Fig. 2(a) is a cross-sectional overview of the
fabricated LSV device, clearly showing the uniformity
and morphology of the deposited device layers, includ-
ing the Ti and Au device contacts. Fig. 2(b) is atomic
resolution HAADF STEM images of the CFAS/n*-Ge
interface from the region outlined in Fig. 2(a). Single
crystal B2 ordering of the CFAS is clearly seen (see also
Fig. Sl(a) in the Supplementary Material3%), as well as
few atomic layers (~3 A) of d-doped P 4 Si insertion.
The different crystallographic structure of Ge and CFAS
shows the structural abruptness of the interface, and epi-
taxial relationship between the layers, previously stud-

ied in details when CFAS is directly deposited on single
crystal Ge(111) substrates3”3%. We also note a presence
of nT-Ge(111) atomic step terraces at the interface. In
contrast to the as-prepared device, the annealed device
show distinctively different interface and film structure.
Fig. 2(c) shows interface region of the CFAS film and
nT-Ge layer. First to notice is the increased CFAS layer
thickness (in comparison to the as-prepared specimen) in-
dicating an interface mixing, i.e. strong interdiffusion at
the CFAS/Ge interface. While the as-prepared specimen
has a predominant B2 ordered single crystalline CFAS
phase, the annealed specimen shows grain formation with
different texture (see Fig. S1(b)-(d) in the supplementary
material®®). The Z contrast variation within 5 nm of the
Heusler film interface region indicates non-homogeneous
chemical elemental distribution in this region. We per-
formed EDS line profile across the interface regions to
elucidate elemental distribution across the interface re-
gion.

Fig. 3 shows two representative EDS elemental line
profiles across the CFAS/n™-Ge interface of as-prepared
and annealed LSV devices. Simultaneous HAADF and
EDS acquisition show that in both as-prepared and an-
nealed devices intermixing take place, and it is larger in
the annealed device. As Fe/Co and Al/Si diffuse in Ge
channel, Ge is outdiffusing in CFAS electrode. The ex-
tend of the intermixed region is ~3 nm in as-prepared
device and ~5 nm in the annealed (at 300 °C) device.
These findings are distinctively different from the case
where the interfaces created between a CFAS thin film
and a Ge(111) single crystal substrate, which are struc-
turally and chemically abrupt, only with small selective
atomic plane outdiffusion of Ge®”. Moreover, a mutual
intermixing occurs at much higher annealing tempera-
tures, above 450 °C38. These differences are suggesting
that there is a further room for optimising spin-injection
by improving the Heusler/SC interface quality.

The structural changes induced by annealing were also
observed by magnetometry (performed by vibrating sam-
ple magnetometer) on device structures before the fab-
rication. There is a 16 % decrease of saturation magne-
tization (M) and a two times increase of the coercivity
(H.) after annealing the device structure at 300 °C as
shown in Fig. S2 in the Supplementary Material®6. This
is a further proof that Ge in the intermixed region substi-
tutes magnetic Co and Fe, as the substitution of Al and Si
which bring only negligible change in the overall specimen
magnetization3”. The increase of coercivity is very likely
driven by the grain boundaries formation in the CFAS
film in the annealed specimens as well as formation of
mixed CFAS+Ge regions which can act as pinning sites.
Furthermore, the normalized M of as-prepared device
structure compared to the CFAS film grown on Ge(111)
single crystal substrate, shows a decrease of 26 %.

The chemical disorder created at the interface due to
interdiffusion will change the spin polarization of the
CFAS electrode in the interface region, since the spin
polarization is critically dependent of the chemical or-
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FIG. 3. (Colour online) (a) A HAADF STEM image of CFAS/n"-Ge region, an EDS line scan of the as-prepared sample (b)
is collected along the yellow dashed line. [(c),(d)] EDS line scan of the similar area of the annealed sample for comparison.

Arrows are guides for the eye.

dering in the Heusler electrode®. In order to assess the
spin polarization and the magnetic moment of the mixed
interface region, we consider the effect of Ge substitution
of the CFAS lattice by performing DFT calculations on
a supercell of 2 x 2 x 2 conventional cells for various
amounts of Ge substitution. The results of a few rep-
resentative configurations are presented in Table I, and
extensive results presented in the supplementary materi-
als in Table S136. When Ge substitutes Al/Si, the spin
polarization does not change. However, the progressive
substitution of Fe and Co can drastically reduce the spin
polarization and the magnetic moment of the CFAS elec-
trode in the interface region. This is due to decreased
hybridisation of the Co d orbitals, which results in their
delocalisation at the Fermi level, and consequent closing
of the minority band gap (FIG. S3). We note that even
small concentrations of the Ge substitution of Co can kill
the spin polarisation and that above ~ 15 % substitution
the overall spin polarisation of CFAS becomes negative at

the Fermi level (FIG. S4). The detailed results presented
in Table IT and Table S1 in the Supplementary Material3¢
directly correlate with the observed decrease of the over-
all magnetization (M) of the Heusler electrode, as well as
the significant decrease of the magnitude of the spin sig-
nal observed in nonlocal device measurements presented
above.

In summary, we demonstrate direct correlation be-
tween the interface structure and spin signal magnitude
in lateral spin valve devices. The nonlocal measurements
show significant drop of the magnitude of the spin sig-
nal when devices are annealed above 300 °C. This de-
crease of the spin signal is due to the formation of in-
termixed interface region between CFAS and Ge. The
mutual diffusion of Ge and most notable, Co from CFAS
create an interface region of ~5 nm, which has grad-
ual decrease in the electrode spin polarization that ulti-
mately affect the magnitude of the spin signal detected.
Moreover, the structural studies of the devices in com-



TABLE II. First-principles calculation results showing the de-
pendence of the magnetic moment M and polarisation P as
a function of the concentration of Ge substituting atoms in
CFAS. n(Si), n(Al), n(Fe), n(Co) and n(Ge) stand for the
number of Si, Al, Fe, Co and Ge, respectively, in a considered
configuration. The first row represents bulk CFAS where the
unit cell has 16 atoms. Note that using a general XoYZ for-
mula for full Heusler alloys, X represents the sublattice of Co,
Y sublattice of Fe, and Z the sublattice of Al/Si.

Label n(Si) n(Al) n(Fe) n(Co) n(Ge) M P[%]
[ps/u.c]
Bulk 16 16 32 64 0 176.0 100
78 8 16 32 64 8 176.1 100
716 0 16 32 64 16 176.4 100
724 16 8 32 64 24 184.0 100
732 16 0 32 64 32 192.0 100
Y8 16 16 24 64 8 144.4 99
Y16 16 16 16 64 16 114.0 56

Y24 16 16 8 64 24 83.7 39
Y32 16 16 0 64 32 52.3 45

X8 16 16 32 56 8 173.6 20
X16 16 16 32 48 16 150.1 -16
X24 16 16 32 40 24 122.0 -15

X32 16 16 32 32 32 94.6 -21.5

parison to Heusler alloys on Ge(111) substrate indicate
that in principle much stronger spin signal in Heusler/Ge
heterostructures are possible. These can be achieved
through improved structural quality of the Heusler/SC
interface which should ultimately limit the inter-diffusion
at the interface, hence preserve the spin polarization at
the interface region.
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