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Spin Pumping in Epitaxial Ge, Sn, Alloys

Emanuele Longo,* Omar Concepcién, Roberto Mantovan, Marco Fanciulli,
Maksym Myronov, Emiliano Bonera, Jacopo Pedrini, Dan Buca, and Fabio Pezzoli*

The use of Ge,,Sh, semiconductor alloys is generating significant interest in
the scientific community due to their precisely tunable Sn content. This
tunability makes them particularly attractive for applications in photonics,
electronics, and, more recently, spintronics. Room-temperature emission and
detection of spin currents are observed in Ge,_ Sn, /Co hybrids through
spin-pumping ferromagnetic resonance. Experiments conducted over a wide
range of compositions and strains show that spin current injection is
enhanced in Ge, ,Sn, solid solutions compared to elemental Ge. The
magpnetization dynamics reveal an intriguing scenario where the Gilbert
damping constant and the spin mixing conductance display a non-monotonic
behavior. The maximum spin-pumping efficiency occurs at a Sn molar fraction
of 10 at.% and remains unaffected by the elastic strain built up in Ge, ,Sn,

1. Introduction

The development of fast and energy-
efficient electronic devices is crucial to
overcoming the challenges of information
and communication technologies (i.e., big-
data storage and processing).[!l Spintronic
devices exploit the spin dynamics to engi-
neer new functionalities, thereby offering
promising solutions to move beyond the
more-than-Moore scenario. In this context,
the mutual interconversion between spin
and charge currents represents a tanta-
lizing approach. In particular, when high
spin-orbit coupling (SOC) materials (i.e.,

films through epitaxial growth on Ge-buffered Si substrates. These findings
highlight the non-trivial dependence of alloy scattering in defining spin
accumulation and relaxation mechanisms, providing insightful information on
phenomena at the forefront of spintronics and quantum technology research.
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heavy metals) are placed in contact with
ferromagnets (FMs), the magnetization can
be manipulated through the so-called spin
Hall effect (SHE). Here, a charge current
flowing inside a non-magnetic material
(NM) is converted into a pure spin current
and subsequently injected into the adjacent
FM. The efficiency of the spin-to-charge conversion (SCC), hence
the generated spin current, is directly connected to the strength
of the SOC in the NM.[?] Recently, the SCC studies have been
extended to microelectronic compatible semiconductors, e.g.,
group IV materials like Si and Ge,**] to exploit their notable spin
diffusion length.5-1% The SOC present in elemental Si and Ge
can be further enhanced by the incorporation of Sn into the lat-
tice. These new GeSn semiconductor alloys have recently aroused
great interest in the scientific community, given the tunability
of the alloy’s bandgap as a function of Sn, resulting in attractive
properties to be exploited in photonics, electronics, and recently
in spintronics.[>1112]

In this work, the spin pumping (SP) mechanism in GeSn al-
loys is investigated. The alloy stoichiometry and lattice strain are
used to control the strength of the spin-orbit coupling, and its in-
fluence on the spin momentum accumulation. To this aim, room
temperature (RT) experiments relying on SP ferromagnetic res-
onance (SP-FMR) are performed over a broad frequency range.

The non-magnetic (NM) semiconductor GeSn/Ge/Si(100) epi-
taxial growth is performed on 200 mm wafers by chemical
vapour deposition (CVD) method using standard Si technology
reactors.l314] Two sets of samples of similar Sn atomic content
were grown, with the aim of studying the strain effect by varying
the Sn fraction and by considering the two thicknesses of 40 nm
and 400 nm. The 40 nm GeSn samples are lattice-matched with
the Ge buffer, and they are highly compressively strained with
the strain determined by the Sn content. On the other hand, the
400 nm GeSn samples are highly strain-relaxed. In both cases,
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Table 1. Summary of the stack and properties of the samples studied.

Label Stack Sn at.% g?{ 10" (m2)
Ge,,Sn, (40)  Au/Co/Au/Ge/Si 0
Au/Co/Au/40 nm Ge,Sn, /Ge/Si 3 2.47+£0.75
6 3.26 +0.77
10 3.98 +0.85
11 4.13 +0.90
12 2.32+0.76
13 1.40 +£0.80
Ge,,Sn, (400)  Au/Co/Ge/Si 0
Au/Co/400 nm Ge,Sn, /Ge/Si 4 1.31+0.17
8 2.36+0.20
10 3.74+0.22
12 1.67 +£0.20
14 1.22+0.19

the Sn content varies between 0 and 13 at.%. The full samples’
description is reported in Table 1. As detailed in the next section,
an unexpected non-monotonic dependence of the Sn content is
observed, which is attributed to the non-trivial role of Ge, Sn,
alloys as a sink for the spin current.

Spin pumping in Ge,, Sn, alloys appears to play a central
role in establishing a better understanding of the implications
of strain and band-gap engineering in spin accumulation pro-
cesses. Therefore, such investigations are expected to be useful
in assessing the potential integration of spin-augmented func-
tionalities into state-of-the-art semiconductor technologies. More
generally, the control over the spin flow and SOC-induced phe-
nomena, particularly in group IV materials, opens novel and ex-
citing perspectives in the emerging fields of spin-orbitronics and
quantum electronics.

a ; 40nm 5
i GeSn 10 at%

400nm

560 565 570 575 58
Ain.plane

565 570
Anplane

5,60 575 580

GeSn 10 at.

www.advquantumtech.com

2. Results and Discussion

Figure 1a,b depicts the X-ray diffraction reciprocal space maps
(XRD-RSM) of GeSn layers of 10 at.% Sn content with a thickness
of 40 and 400 nm respectively, to judge the thickness-dependence
of the lattice strain. Notably, the position of the GeSn (40 nm)
XRD-RSM peak relative to the Ge substrate confirms that the epi-
layer is fully strained, with no indication of a relaxed component.

The uniform Sn distribution in the layers is provided by the
atom probe tomography (APT) data (Figure 1c) and the secondary
ion mass spectrometry (SIMS) line profile along the layer depth
(Figure 1d). The high crystalline quality of the epitaxial GeSn lay-
ers is illustrated through a high-resolution transmission electron
microscope (HR-TEM) image in Figure le. For spin-pumping
measurements, the FM stack differs for the two GeSn sets. For
the pseudomorph Ge, ,Sn,(40) set, it consist of 5 nm Au/ 10 nm
Co/ 5 nm Au, as deposited on GeSn. The presence of an Au inter-
layer decouples the Ge, Sn, and Co layers inhibiting exchange
coupling arising from the orbital hybridization at the FM/NM
heterojunction. This makes Ge, ,Sn, a suitable platform to study
the Sn-induced influence on the SCC mechanisms.

The FM stack for the strain-relaxed GeSn set of samples is
prepared to further examine the potential interplay between the
strain and SOC. In this case, it consists only of a 5 nm Au/ 10 nm
Co. The modification introduced to the FM stack compared to the
Ge,,Sn,(40) set is further discussed later in the text. A schematic
of the two sample sets is shown in Figure 1f,g.

-

The dynamic of the magnetization vector (M) in a FM un-
der an external magnetic field (FI,,,) is described by the Landau—
Lifshitz—Gilbert equation, which consists of a precessional and a

damping-like term:

-
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Figure 1. XRD-RSM of (a) a compressive-strained Ge;,Sn, (40) and (b) an almost fully-relax Ge;,,Sn, (400) with a Sn content of 10 at.%. (c) APT recon-
struction showing a uniform elemental atomic distribution of Ge and Sn and (d) SIMS profile through the full layer. () HR-TEM image showing a sharp
interface between the Ge;,Sn, layer and the Ge buffer with an atomic zoom-in on the Ge;,,Sn, crystal structure. (f,g) 3D sketch of the layers stacks for

the SP-FMR measurements at RT.
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Figure 2. (a) Kittel curves describing the ferromagnetic resonance frequency f,, versus the resonance field H ., measured for the various Sn at.% of
the Ge;,Sn, (40) set. (b) Linewidth of the broad-band FMR resonance AH as a function of the microwave frequency. Panels (c,d) show the values of the

damping constant, a, and the spin mixing conductance, gﬁr obtained by using Equations (3) and (4), respectively.

where y, is the Bohr magneton, y = gj the gyromagnetic ra-

tio with g the g-factor, e the charge of the electron, and m, the
effective free electron mass, M, is the saturation magnetiza-
tion, and a the damping constant. To extract quantitative infor-
mation from the SP-FMR measurements,Au/Co/Au/Ge/Si(100)
and Au/Co/Ge/Si(100) heterostructures are adopted as refer-
ences for the Ge, Sn (40) and Ge, Sn (400) sets, respectively.
The differential nature of the SP-FMR analysis further guaran-
tees the minimization of spin-related parasitic effects occurring
in the FM stack rather than in the Ge, ,Sn, epitaxial layer.

Figure 2a displays the evolution of the Kittel curves acquired
in the in-plane (IP) geometry (see Methods) for thin Ge, ,Sn,_(40),
which links the resonant frequency (f,,,) with the resonant mag-
netic field (H,,,).["> For polycrystalline ferromagnetic thin films
(i-e., no IP anisotropy), the Kittel equation assumes the following
form:

14
.f;es = Z \/Hres Hres + 4”Mﬁ) (2)

where M, represents the effective magnetization (i.e., for thin
films M ~ M,s). Since the Co layers are simultaneously de-
posited on all samples, we can reduce the number of free fitting
parameters, keeping y constant at 1.95 - 10’ gz, which corre-
sponds to the Landé factor g = 2.25.11%17) The M, values extracted
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from Figure 1a for pseudomorphic Ge,,Sn, (40) samples show
a clear Sn content dependence, with a minimum around Sn 10
at.% (see Figure Sla, Supporting Information). M, is directly
connected to the presence of magnetic surface anisotropy (K;) in

the Co layer, and it is defined as 47M,; = 4z M, — ﬁ where

M, and t., are the saturation magnetization and the thickness of
the Co layer, respectively.

The quality of NM/FM interfaces can affect the physics on
the spin accumulation.'®! In particular, the emergence of a
remarkable surface anisotropy contribution in Au/Co/Au het-
erostructures is a well-known effect that favors the out-of-plane
magnetization of the Co interface atoms.l2] This anisotropy
can be influenced by epitaxial strain in the Au layer, modified
spin-orbit coupling interactions due to the hybridization of Au
5d and Co 3d orbitals, as well as chemical and morphological
properties of the Au/Co interface (e.g., roughness and chemical
intermixing).[?!-2*] In the present study, the epitaxial Ge, ,Sn,_(40)
series exhibits varying strain conditions as a function of Sn
at.%. Moreover, the different Sn content modulates the SOC
strength, influencing the orbital hybridization between Au and
the Ge,,Sn, layers. This may affect the spin polarization and
magnetic coupling at the Au/Co upper interface. These factors
collectively modify the electronic structure of the Ge,,Sn, (40)
system, achieving a maximum K, value at an optimal Sn con-
centration. Additionally, this intermediate Sn at.% can result in
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a slightly smoother and higher-quality interface, minimizing de-
fects and interdiffusion, which further enhances the anisotropic
properties.

The linewidth (i.e., full width at half maximum) of the broad-
band FMR signal (AH) as a function of f,,, is shown in Figure 2b.
The solid lines indicate the modelling of the data based on the
following equation:

AH = AH, + T’y—”'aﬁes (3)

where AH, represents the inhomogeneous line broadening and
provides information about the magneto-structural properties of
the Co film (i.e., magnetic dead layers, structural defects, etc.).
The AH, lies in the 25-50 Oe range for all the samples, confirm-
ing the good quality of the deposited FM films.[1>2>26]

In Figure 2c the dependence of a on the Sn content demon-
strates a maximum for the Ge, 4,Sn, ;;(40) sample, suggesting a
marked improvement of the SP efficiency compared to the case
of the elemental, not-alloyed Ge reference.

To better understand this finding, we can consider that accord-
ing to the SP theory,!'>?7-%] the power loss described by « is di-
rectly proportional to the effective spin mixing conductance (gg;.),
which is defined as:

o 4xMtpy,

off 2ty (aFM/GeSn - aFM/Ge) “4)

with t;, being the thickness of the FM layer, and in this case,
®p/Gesn AN Ay, are the damping constants of the Ge, ,Sn, (40)
samples with and without Sn, respectively. The spin mixing con-
ductance represents an intrinsic property of a SCC system, being
proportional to the amount of the spin current injected across the
FM/NM interface. The aim of this study is to highlight the role of
Snin Ge, Sn,. In the following, g:;. is thus extracted relatively to
an elemental Ge reference. It should be noted that this approach
provides an effective rather than absolute estimation of, which is
known to be non-zero in Ge/FM heterostructures.”’ From a phe-
nomenological point of view, when a spin current generator, that
is, a FM, is in contact with a spin sink, i.e., the Ge, ,Sn, film, the
generated spin current can be pumped inside the NM layer de-
pending on the gg;. value. The higher is gff , the more transparent

is an interface. Indeed, the spin current density (J?”) generated
in the system is defined as:

n - dM
]fD=Eg§}[ X = (5)
which is attributed to an imbalance of spins with opposite orien-
tations in different regions of the FM.[1>:28:29]

Figure 2d summarizes g;;r derived by Equation (4) using the
Sn-free Au/Co/Au/Ge/Si(100) reference. The extracted values
fall in the 1 —4 -10" m™? range, thus comparing well with
results obtained for state-of-the-art SCC materials (see Table 1
in the Supporting Information of ref.[30]). As expected, the ggﬁl
maps out the behavior of a (Figure 1c), reaching a maximum
at GegySn, 1;(40), and demonstrating a clear-cut enhancement
by almost four times with respect to the minimum ggﬁf evalu-

ated at the two boundaries of the composition range explored in
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this work. Moreover, to further assess the role in the spin trans-
port process of the insertion of the Au layer between the FM and
NM, a Ge,,Sn, (40) Au interlayer-free sample with x ~ 10 at.%
was grown, and the geTﬁf compared with the Ge, ,Sn, (40) sample
having the same Sn at.% (see Figure S2, Supporting Informa-
tion). As a result, no difference was observed, thus demonstrat-
ing that spin-dependent contributions from the metal interlayer
can be safely ruled out. This is in agreement with the Au thick-
ness being almost one order of magnitude smaller than the spin
diffusion length.[?>31]

At first glance, the increasing Sn content in the Ge, Sn, (40)
series can thus be correlated with the strengthening of the SOC,
being larger than in Ge. Nevertheless, the non-linear response of
g;f; suggests a more complex scenario, where competing effects

are likely to occur and ultimately determine the peculiar SCC re-
sponse observed in our SP-FMR experiments.

To better clarify these mechanisms we can start our discussion
by considering that the Ge, ,Sn_(40) films are under compressive
strain. The latter increases with the Sn molar fraction of the al-
loy, owing to the progressive enlargement of the lattice mismatch
with the Ge-on-Si substrate.[*?]

The intertwined role of strain and Sn content on the spin-
dependent phenomena has been investigated by Tai et al. in a 2D
hole gas generated at the Ge/Ge, ,Sn, interface.l**! The authors
suggested the emergence of a strain-induced suppression of the
Rashba SOC strength, stemming from the increase from 6 to 9—
11 at.% of the Sn content when the Ge, ,Sn, well is coherently
grown on Ge-on-Si substrates. Qualitatively, the g;; data reported
in Figure 2d for the Ge, ,Sn (40) suggests a very similar behavior,
despite metallic-like Rashba states being inhibited in our case by
the presence of the Au interposer. We can also find reassurance
that interface states are indeed dummies by the measurement of
the interlayer-free sample with x ~ 10 at.%(see Figure S2, Sup-
porting Information).

Consequently, we can expect that when x is increased up to a
critical value of x, ~ 10 at.%, the magnetization dynamics losses
in SP-FMR are mostly driven by the spin current channeled into
Ge,,Sn, being a SOC-aided sink. In a virtual crystal approxi-
mation, the SOC scales indeed as Z;}, where Z; is the effec-
tive atomic number of the binary alloy. Whereas above x,, SOC
turns out to be outsized by parasitic mechanisms, which effec-
tively induce spin accumulation and reduce the damping process
through the NM layer. In light of this phenomenological, albeit
notable, analogy with ref.[33] it is therefore tempting to attribute
to strain the behavior shown in Figure 2c,d, where a decrease of
a and g;; occurs in the high Sn range, i.e., at large strain values.

It should be noted, however, that the results obtained for the
Ge,,Sn,(40) set must be complemented by an independent anal-
ysis in order to fully elucidate the role of strain in shaping the
non-trivial behavior of ggl..[”*m To this purpose, we produced
an separate set of fully-relaxed samples by growing the Ge, ,Sn,
epilayers with an increased thickness, while keeping fixed the
spanned range of the Sn molar fractions. In addition, a sim-
ple Co(10 nm) layer is directly deposited on top of the Ge, ,Sn,-
relaxed NM stack given the negligible spin resistivity through
Rashba-like interface states (Figure S2, Supporting Information).

Following the same methodology used for the thinner
Ge,,Sn,(40) samples, we summarize in Figure 3a,b the Kittel
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Figure 3. (a) Kittel curves describing the FMR frequency versus the resonance field H,., measured for the various Sn molar fraction of the Ge;,Sn, (400)
set. (b) Linewidth of the brad-band FMR resonance (AH) as a function of the microwave frequency. Panels (c,d) show the values of the damping constant,

a, and spin mixing conductance, giff obtained by using Equations (3) and (4), respectively.

dispersion and the AH(f,,,) curves also for the Ge, ,Sn,(400). The
solid lines indicate the fit based on Equations (2) and (3), respec-
tively. In contrast with the previous findings, M, turns out to
be the same throughout the Ge, ,Sn, (400) set, with an average
value of 1045 + 6 emu/cm? (see Figure S1b, Supporting Informa-
tion). The latter is very close to 1100-1400 Oe, which is a typical
value for bulk Co and indicates the high magneto-structural qual-
ity of the evaporated FM.[">*?63%] The independence of M,z on
the Ge, ,Sn, substrate can be ascribed to the intertwined effects of
(i) the proximity between the adjacent FM and NM affecting the
interface SOC properties and (ii) the varying lattice mismatch be-
tween Co and the relaxed Ge;  Sn, epilayers, which is imparted
by the chosen Sn molar fraction. Notably, such mechanisms are
absent in the Ge, ,Sn,(40) series, since the Ge, ,Sn, epilayers are
always grown in full registry with the Ge-buffered Si substrate
and because of the presence of the Au interposer between the
FM and the NM.

From the dataset shown in Figure 3D, we retrieved the « values
reported in panel c of the same figure. Surprisingly, the damp-
ing constant and the spin-mixing conductance for Ge, ,Sn,(400)
demonstrate the bell-like dependence peaked at the same Sn mo-
lar fraction (~10-11%) observed for Ge, ,Sn, (40) (see Figure 2¢,d).

These findings demonstrate that, under our experimental con-
ditions, Co-GeSn hybridization does not provide sufficient ex-
change splitting to yield a sizeable spin diffusion out of the
NM/FM interface. Above all, the agreement obtained through
the SP into the coherent and relaxed Ge,,Sn, epitaxial layers

Adv. Quantum Technol. 2024, 2400508 2400508 (5 of 7)

(i-e., Ge,,Sn,(40) and Ge,,Sn,(400), respectively) offers crucial
evidence that strain and possibly the direct-to-indirect band gap
crossover cannot be regarded as effective mechanisms in govern-
ing spin-pumping processes in these novel alloys.

Since nonequilibrium spin accumulation is dissipated in the
NM layer by spin-flip processes, we suggest that spin-dependent
alloy-induced scattering suffices to describe the observed Sn-
related dependence of the magnetization dynamics. In this
context, the enhanced Gilbert damping constant reported for
Ge, oSN, 1, corresponds to an enhanced spin-injection rate stem-
ming from an alloy-driven reduction of the spin-flip relaxation
time. Nonetheless, a detailed and rigorous theoretical investiga-
tion is deemed necessary to scrutinize such a physical picture.

3. Conclusion

By means of SP measurements, the spin accumulation mecha-
nisms in Ge,Sn, thin films grown on Ge-on-Si buffers with dif-
ferent thicknesses and Sn concentrations are investigated. Our
approach enables us to isolate the contributions of in-plane strain
and alloy-controlled SOC, which otherwise are often entangled in
literature reports. When coupled with an Au/Co/Au multilayer,
the spin mixing conductance for thin Ge,  Sn, films (i.e., 40 nm)
showed a clear non-monotonic dependence on the Sn molar frac-
tion. SP findings for thicker Ge, ,Sn, films (i.e., 400 nm), char-
acterized by strain relaxation, demonstrate a g;ff evolution as a
function of the Sn molar fraction that rules out strain compensa-
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tion effects. Rather, it can be inferred that spin pumping and spin
accumulation are governed by spin-flip relaxation times induced
by alloying effects.

Our results represent the first steps toward the investigation
of the SCC properties in Ge, ,Sn, thin films, where the variation
of the Sn molar fraction, the different Ge, Sn, layer thickness,
and the Ge,,Sn, /FM interface engineering are exploited to shed
some light on the interplay between strain, SOC, and tuning of
the band gap character in the studied systems. This manuscript
aims to open the path toward the optimization of Ge, ,Sn, -based
heterostructures for their future application in spintronics as
spin-to-charge interconverters.

4. Experimental Section

Gey,.Sn, samples with a thickness of 40 nm were grown on a 100 mm
diameter Si(100) substrate. A relaxed Ge buffer layer of ~650 nm thick-
ness produced a high-quality surface for Ge,,Sn, heteroepitaxy, with a
root-mean-square surface roughness below 1 nm. The structures were
grown using an industrial ASM Epsilon 2000 reduced-pressure chemi-
cal vapor deposition reactor with commercially available precursors, di-
germane (Ge,Hg) and tin-tetrachloride (SnCl,), diluted in hydrogen. The
epitaxial growth was conducted in a hydrogen atmosphere at a reduced
pressure below 100 Torr.13’]

Gey..Sn, samples with a thickness of ~400 nm were deposited on Ge
virtual substrates (Ge-VS) on Si(100) wafers through reduced-pressure
chemical vapor deposition using an industry-compatible AIXTRON TRI-
CENT reactor. Digermane (Ge,Hg) and tin tetrachloride (SnCl,) were used
as precursors for elementary Ge and Sn, respectively.[13383°]

The Co(10 nm)/Au(5 nm) bilayers and Au(5)/Co(10 nm)/Au(5 nm) tri-
layers were deposited on top of the Ge,, Sn, substrates via e-beam evap-
oration at RT.

The SP-FMR experiments were conducted using a home-made setup,
where the sample was positioned between the polar extensions of a Bruker
ER-200 electromagnet, maintaining its surface parallel to the external mag-
netic field (H,,;) in the so-called “flip-chip” configuration for in-plane mea-
surements. To induce an oscillating magnetic field in the FM layer, the
sample was fixed to a coplanar waveguide connected to a broadband (1-
40 GHz) RF-source. The FMR signal for a fixed RF frequency was per-
formed by measuring the derivative of the absorption power downstream
of the electrical transmission line as a function of H,,, through a lock-
in amplifier. For further details on the FMR technique please refer to
refs.[25,30,36,40]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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