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Spin-coherent dynamics and carrier lifetime in strained Ge;_,Sn, semiconductors on silicon
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We demonstrate an effective epitaxial route for the manipulation and further enrichment of the intriguing
spin-dependent phenomena boasted by germanium. We show optical initialization and readout of spins in Ge-rich
germanium-tin alloys and report on spin quantum beats between Zeeman-split levels under an external magnetic
field. While heavy Sn atoms can be readily utilized to strengthen the spin-orbit coupling, our experiments reveal
robust spin orientation in a wide temperature range and a persistent spin lifetime that noticeably approaches
the nanosecond regime at room temperature. In addition, time decay photoluminescence experiments evidence
a temperature-induced monotonic decrease of the carrier lifetime, eventually providing crucial insights also into

nonradiative recombination mechanisms.

DOLI: 10.1103/PhysRevB.99.035202

I. INTRODUCTION

The outstanding challenge of overcoming fundamental
limits of conventional device electronics has stimulated var-
ious proposals and extensive investigations of radical alterna-
tives [1]. The prospect of utilizing quantum information and
communication processing has placed group IV semiconduc-
tors at the leading edge of current research efforts [2—4]. Such
materials are ubiquitous in the mainstream microelectronic
industry and naturally exhibit favorable properties for the
solid-state implementation of logic-gate operations built upon
quantum states [5]. The centrosymmetric crystal structure and
the essential abundance of spinless isotopes endow prominent
group IV semiconductors, such as Si and Ge, with long-lived
electron spins [2,6—8] exhibiting exceedingly long coherence
times [9-11].

While Si lies ahead in the direction of quantum computa-
tion [12-14], Ge has a larger atomic number and sustains a
stronger interaction between the spin and momentum degrees
of freedom. Thanks to this property, Ge is emerging as a
promising candidate for spin-to-charge conversion [15-17],
eventually introducing the new route of spin-orbitronics [18]
in the burgeoning field of group IV spintronics. The relativis-
tic spin-orbit coupling (SOC) is also central to the intriguing
spin-dependent phenomena potentially hosted by Ge, namely
Majorana fermions [19] and Rashba states [7,16,20]. Notably,
the spin-orbit interaction in conjunction with the quasidirect
band structure of Ge leads to optimal coupling between spin
states and light fields [21,22]. Such a key feature, unexpected
in conventional indirect gap materials, has recently opened
the way towards the optical exploration of a subtle electron
spin dynamics [23-25], whose richness stems from the unique
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multivalleyed structure of the conduction band of the material
[26-28].

We expect that hybridizing the spin properties of Ge with
the peculiar electronic states offered by «-Sn, a heavier group
IV element [29-31], can further enrich the spin-dependent
phenomena hitherto observed in Ge. Alloying Ge with Sn can,
in principle, introduce a novel degree of freedom to tailor
the spin susceptibility to external fields, besides offering the
key manipulation of spin electronic effects comprising novel
quantum phases [32].

Despite such exciting prospects, the genuine potential of
Ge;_,Sn, binary alloys remains presently unexplored. The
main reason is that the large lattice mismatch and the low
equilibrium solubility of Sn in Ge have impeded the di-
rect large-scale deposition on Si wafers of high quality epi-
taxial heterostructures, especially at Sn-rich molar fractions
[33]. Only very recent advances in out-of-equilibrium crystal
growth techniques [33-36] have yielded reliable epitaxial
films. However, even though lasing action has just been
achieved at cryogenic temperatures [37—40], the fundamental
understanding of carrier recombination mechanisms remains
at an early stage, being jeopardized by fast and subtle nonra-
diative kinetic processes [37,41,42] and the often-impractical
long-wavelength detection associated with the narrow band-
gap transitions. Similarly, the spin properties of Ge;_,Sn,
are still untapped, despite the noticeable demand of crucial
data, like spin lifetimes, which is necessary for a critical
advancement of the field.

Here we overcome the aforementioned limitations in an
effort to address the spin dynamics and to refine the knowl-
edge of the photonic properties of Ge;_,Sn,. To achieve this
purpose, we gently break the inversion symmetry of the Ge
lattice via substitutional Sn atoms to strengthen spin-orbit
coupling, while preserving a desirably sizable spin lifetime.
We thus focus on a Ge-rich Geg.95Sng 5 epitaxial layer grown
under compressive strain on a Ge-buffered Si substrate via
state-of-the-art chemical vapor deposition [see Fig. 1(a)]. In
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FIG. 1. (a) Sketch of the Gejg5Sng5/Ge/Si heterostructure (not to scale). Cross-sectional transmission electron microscope image
highlighting the GeSn/Ge heterointerface (left panel) and atomic force microscopy micrograph of the surface morphology of the sample
(right panel). (b) X-ray diffraction (004) symmetric (left) and (224) asymmetric (right) reciprocal space maps. In the latter, the Bragg spots
pertaining to Ge and GeSn are precisely aligned along the diffraction wave vector Q, spanning the sample surface. This explicitly demonstrates
the attained coherent growth condition. The Sn-based epilayer is indeed in perfect in-plane registry with the underlying Ge bufter.

this dilute alloy regime the strength of the SOC is expected to
qualitatively mimic the one of well-established semiconduc-
tors like GaAs.

Moreover, thanks to pseudomorphic growth condition,
we specifically inhibit the nucleation of detrimental crystal
defects, mainly dislocations [42]. This is corroborated by
an extensive structural characterization carried out through-
out a broad array of techniques, including high-resolution
x-ray diffraction (HR-XRD), transmission electron mi-
croscopy (TEM), and atomic force (AFM) microscopy (see
Fig. 1).

The structural quality of the epitaxial stack spurs the chal-
lenge to directly probe carrier and spin-coherent dynamics
by extending to longer wavelengths and shorter timescales
the all-optical approach proved to be useful in elemental
Ge. Time- and polarization-resolved photoluminescence (PL)
experiments disclose in our Ge-rich Ge_, Sn, heterostructure
long-lived carrier and electron spin polarization up to room
temperature. Remarkably, when we apply a magnetic field
orthogonal to the spin polarization direction, we are able to
observe, in a group IV semiconductor, the clear signature
of spin quantum beats in the PL time decay [43,44]. This
eventually unveils an effective electron g factor of about
1.5. Such findings enable us to scrutinize in detail the spin
properties of Ge;_,Sn, and have the potential to stimulate the
exploitation of new roads for basic research and advanced line
of technologies based on these novel and intriguing alloys.

The paper is organized as follows. In Sec. II we discuss
the experimental details of the investigation, while the carrier
kinetics and the spin-dependent properties are reported in
Secs. III and IV, respectively. Finally, Sec. V summarizes the
results and the conclusions of this work.

II. EXPERIMENTAL METHODS

The Ge;_,Sn,/Ge/Si(001) heterostructure was grown
within a ASM Epsilon 2000 industrial type reduced pressure
chemical vapor deposition (RP-CVD) system. A 70-nm-thick
strained Ge;_,Sn, epilayer was deposited on a 100-mm-
diameter Si (001) substrate via a relaxed Ge buffer with
thickness ~650 nm. SnCly was used as a Sn precursor, while

Ge,Hg was used as the Ge precursor. Growth was carried out
at a temperature of 280°C in a H, atmosphere. The sample
has not been intentionally doped. We estimate the background
doping to be below 10" cm~3.

A Jeol JEM-2100 TEM was used to obtain high-resolution
cross-sectional micrographs of the heterostructure. TEM
imaging allows direct observation of the crystalline quality
and measurements of the epilayer’s thickness. The surface
morphology of the heterostructure was mapped using an
Asylum Research MFP-3D stand-alone AFM operated in a
tapping mode. The root mean square roughness turned out to
be <2 nm. Finally, the Sn molar fraction of 5% and the biaxial
compressive strain of 0.80% of the Ge;_,Sn, epilayer were
measured from symmetrical (004) and asymmetrical (224)
HR-XRD reciprocal space maps using a Panalytical X’Pert
Pro MRD equipped with a CuK o source.

Continuous-wave PL experiments were performed by ex-
citing the sample with a Nd-YVOy laser at 1.165 eV. The
spot diameter was about 50 pum, and the resulting power
density was a few kW /cm?. The polarized PL was dispersed
by a monochromator coupled to a InGaAs photodiode detector
with a cutoff at ~0.5 eV. The spectra were numerically
cleaned to remove the overlap with the second order peak
of the pump. Time-resolved PL was carried out by using
an excitation energy of 1.165 eV delivered by an optical
parameter oscillator pumped by a Ti:Sa laser. The temporal
width and the repetition rate of the laser pulses were ~2 ps
and 80 MHz, respectively. The laser spot size was estimated
to be about 7 um and the average excitation power was
varied from 2.5 to 30 mW. The PL dynamics was determined
by applying time-correlated single-photon counting using a
superconducting nanowire detector with a time resolution of
either 64 or 128 ps.

III. CARRIER KINETICS IN PSEUDOMORPHIC
Ge;_,.Sn, BINARY ALLOYS

A. Low temperature PL and power dependence

The low-temperature PL, measured under continuous-
wave excitation, demonstrates a prominent peak at about
0.64 eV [see Fig. 2(a)], which is attributed to band-to-band
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FIG. 2. (a) Low temperature PL spectrum of the
Geg.95Sng o5 /Ge/Si heterostructure measured at 7 K by utilizing a
laser excitation energy of 1.165 eV. (b) Schematic representation
of the energy (E) band structure versus wave vector (k) pertaining
to a pseudomorphic Ge-rich Ge,;_,Sn, epitaxial layer grown under
compressive strain on a Ge-buffered Si substrate. Arrows show the
low temperature absorption (blue) and emission (red) processes
though the direct and indirect gap, respectively. (c) Temperature
dependence of the spectrally integrated PL intensity.

transitions through the indirect gap of the Geg9s5Sngos epi-
layer as sketched in Fig. 2(b). Owing to the Sn molar fraction
and compressive strain, the direct gap is expected to lie
100 meV higher in energy than the indirect gap [37,42],
while the strain-induced splitting between heavy and light
hole bands is of the order of 60 meV [45]. Emission from
the buried Ge buffer is spectrally well separated [46] and is
more than two orders of magnitude weaker than the one from
the topmost Ge 9551y o5 film [42]. The PL intensity presented
in Fig. 2(c) demonstrates a monotonic thermal-induced PL
quenching, which is characterized by an activation energy of
about 16 meV. As pointed out recently [42], this is a com-
pelling spectroscopic fingerprint of the pseudomorphic nature
of the Ge|_, Sn, layer. Such a distinct PL behavior would have
been otherwise concealed by the presence of nonradiative
recombination channels opened up by dislocations. Such ex-
tended defects are introduced in the Ge,;_, Sn, epitaxial layers
through plastic strain relaxation and are known to trigger a
Schon-Klasens-like recombination dynamics, which enhances
the PL intensity in the high temperature regime [42,46—48].
Figure 3 reports low-temperature PL intensity dynamics
measured at various pump fluencies. A non-monoexponential
decay time is observed. We start by considering the low
excitation, i.e., an average excitation power Pay = 2.5 mW
(black line in Fig. 3). Under such conditions, the early phase
of the recombination process exhibits a rather slow decay,
which becomes steeper during the later stage of the temporal
evolution (after 4 ns). This puzzling PL transient can be
accounted for by considering two intertwined recombina-
tion mechanisms. The fastest component of the decay curve
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FIG. 3. Low-temperature normalized PL. dynamics of the pseu-
domorphic GegosSng s epitaxial layer as a function of the average
excitation power. The pump pulse has an energy of ~1.165 eV and a
duration of about 2 ps. Decay curves have been vertically shifted for
clarity. The straight lines are guides to the eye for pointing out the
fast () and slow (ts) decay components.

suggests a large recombination probability controlled by an
efficient nonradiative recombination channel. Its influence on
the carrier kinetics is however masked during the slower
initial decay phase. Knowing that the PL transient mimics
the time evolution of the photoexcited population, we can
conclude that the likely culprit for the initially diminished
decay rate is the density of the excess carriers. At first, the
pump pulse generates a large density of carriers that quite
quickly saturates the low-energy states available for the fast
recombination process. This leads to the observation of a less
efficient recombination pathway characterized by a slower
characteristic time. Later, the depopulation of the nonradiative
centers activates the competing channel, whose effectiveness
drastically accelerates the temporal decay of the PL.

The accuracy of this interpretation is further corroborated
by the excitation intensity curves of Fig. 3, which shows that
a decreased pump power advances the change in slope of the
decay curve, thus making the slow component less relevant
for reduced densities of the photoexcited carriers. A similar
behavior can be consistently observed by increasing the lattice
temperature (not shown).

B. Temperature dependence and modeling
of the recombination processes

After having unveiled the occurrence of nonradiative re-
combination pathways, we focus on the analysis of the
temperature-induced PL characteristic to gather a better un-
derstanding of all the kinetic processes.

Figure 4 summarizes the carrier lifetimes derived from
the two slopes of the PL decay curves measured at various
lattice temperatures. In this case, we have carried out the
measurements at a fixed intermediate pump power, i.e., Pay =
10 mW, in order to be able to better appreciate the slower (ts)
and faster (tp) decay components over a large temperature
range. Our experiments unveil that the PL dynamics occurs
within a couple of nanoseconds and is faster in the high
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FIG. 4. The red (blue) dots represent the slow (z5) and fast
(tr) components of the PL decay curves. All the experimental data
have been obtained by using an average excitation power of Pxy =
10 mW. The black dashed curves are modeled according to the
Shockley-Read-Hall (SRH) statistics pertaining to the recombination
processes.

temperature regime. Since the band-to-band recombination
pertaining to indirect gap materials is expected to develop on
a slower timescale [8,47], we attribute the measured temper-
ature dependence of the lifetime to the presence of extrinsic
recombination channels defined by shallow energy levels.

The temperature characteristic of the carrier lifetime stems
from the dependence of the carrier density upon the temper-
ature and is akin to the qualitative behavior inferred by the
steady-state PL in direct band-gap Ge;_,Sn, layers [37]. The
latter are indeed characterized by a monotonic temperature-
induced PL quenching similar to the one observed in this work
[see Fig. 2(c)]. In particular, the data of Fig. 4 demonstrate that
Ts approaches the flatter temperature response of tx at about
180 K: the temperature above which the two components
can no longer be distinguished. By further increasing the
temperature, the carrier lifetime notably reaches a minimum
and above 210 K demonstrates an unexpected, albeit modest,
lengthening.

The temperature-induced changes of the carrier lifetime
in Ge;_,Sn, can be modeled by using the recombination
statistics [49-51] and by assuming the presence of energy
states lying within the forbidden gap. According to such a
physical picture, a photogenerated carrier can be effectively
captured by traps that provide nonradiative recombination
pathways.

The total carrier lifetime t can indeed be described as
1/t = 1/1, + 1 /74, Where the total nonradiative lifetime 7,
can be conveniently decomposed into Auger- and trap-limited
lifetimes, respectively Tauger and tsry, as 1/Tyr = 1/Tauger +
1/tsru. We notice that our power-dependent PL decay data do
not show the typical features of Auger recombination, namely
an initial fast decay time that is dependent upon the excess-
carrier density [8]. In addition, at cryogenic temperatures the
measured decay times in our Ge-rich Ge;_,Sn, sample are
shorter than 2 ns, whereas the typical Auger lifetimes in Ge
are in the regime of few tens of nanoseconds [8,42]. As a

result, we can neglect the first term on the right-hand side
of the above-mentioned equation and focus our attention on
the Shockley-Read-Hall recombination given by traps, whose
temperature dependence in a not intentionally doped sample
reads tsry = To[1 + cosh AE/(kpT)] [37,49,50]. Here AE
is the energy difference between the trap and the intrinsic
Fermi level, while 7 ! provides the rate of captures of mi-
nority carriers by the defects. The experimental data of the
carrier lifetime for the fast and slow decay components of
pseudomorphic Ge;_,Sn, have thus been modeled within the
SRH framework.

The excellent agreement between the calculation and the
experimental data, uncovered in the low and intermediate
temperature regimes by Fig. 4, reveals that the fast (slow)
decay component is well described by a nonradiative trap that
resides at about 13 meV (~17 meV) above the Fermi level.
Such energy compares satisfactorily with a temperature of
150 K, above which the fast decay turns out to be washed
out.

It is illuminating to note that the SRH formalism ascribes
the slower Ty component to the presence of a second shallower
trap. This is strikingly in line with the conclusions of the
power-dependent analysis summarized in Fig. 3. The possible
occurrence of thermal-induced quenching of this defect state
is expected to occur for a thermal energy that corresponds
to a temperature of about 200 K. According to Fig. 4 such
value marks an increase in the carrier lifetime. This makes
a strong case for a partial suppression of this second trap
and a concomitant emergence of recombination processes that
lengthen the near-room-temperature kinetics of the carriers.
This finding eventually clarifies the apparent discrepancy aris-
ing in the high temperature regime between the experimental
data and the modeling based on the two component SRH
dynamics.

IV. SPIN-DEPENDENT PROPERTIES

A. Optical spin orientation

Besides corroborating the structural characterization of the
sample, the optical properties of the pseudomorphic layer
allow us to perform optical orientation experiments [52-54]
to verify the possibility of generating an out-of-equilibrium
ensemble of spins directly in the Ge;_,Sn, layer by optical
means. In Fig. 5 we observe that, upon excitation with a
continuous-wave ot polarized laser, there is an imbalance
between the right- (/ 7"y and left- (19) circularly polarized
components of the PL. We also notice that the circular PL
polarization degree, hereby defined under steady state con-
ditions as pgjrc = %, is robust over a wide temperature
range. Remarkably, p... turns out to be sizable even at room
temperature, although smaller than the 25% expected in a
relaxed bulk system [52,54].

The measured pq. at steady state is linked to the car-
rier lifetime 7 and the spin relaxation 7 via the following
equation: pgr. = po(l 4+ 7/T1), in which pg is the polariza-
tion in absence of relaxation mechanisms [52]. The latter
endows fundamental information about the band structure of
the material [52,54]. Due to the lack of theoretical and ex-
perimental data to guide the interpretation of optical injection
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FIG. 5. (a) PL spectra for the Geg 95Sng 0s/Ge/Si heterostructure
measured at 120, 210, and 300 K for right- and left-handed cir-
cular polarizations, namely o™ (black curve) and o~ (blue curve),
respectively. The spectra have been vertically shifted for clarity. (b)

Temperature dependence of the circular polarization degree (pcirc)
measured under steady state conditions.

experiments of spin-polarized carriers in Ge;_,Sn,, we shall
rely on the knowledge of closely related semiconductors,
such as Ge and GaAs, to interpret the results summarized in
Fig. 5(b). We can thus speculate that the observed polarization
degree stems from the excitation energy of our pump, which
leads to absorption from split-off band and to a concomitant
reduced polarization of electrons optically coupled to light
hole states [55].

The findings shown in Fig. 5, along with the expected fast
spin relaxation of holes [56,57], unambiguously demonstrate
the successful optical generation of a net spin polarization of
electrons in the conduction band of Ge;_,Sn,. Additionally,
these results point towards non-negligible electron spin relax-
ation times.

B. Dependence of spin relaxation time upon carrier
density and temperature

In the following we apply optical spectroscopy in the
time domain to explore the kinetics and to gather a better
understanding of the anticipated spin properties. Figure 6(a)
demonstrates different intensities for the helicity-resolved PL
transient following a circularly polarized excitation laser. This
imbalance further corroborates the successful achievement
of optical spin orientation of electrons in the Ge;_,Sn,
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FIG. 6. (a) Temporal evolution of the polarization-resolved PL
of GegosSnggs at an average pump power Py of 10 mW and a
lattice temperature of 7 K. Right-handed circular polarization (o)
is shown as a dashed red line, whereas the left-handed helicity (o ™)
is reported as a blue line (the excitation laser is ot polarized).
(b) Low-temperature decay dynamics of the circular polarization
degree p.ir.. Black dots, red squares, and blue triangles refer to an
average pump power equal to 2.5, 10, and 30 mW, respectively. The
black (blue) line is a fit of the low (high) power decay curve which
provides a decay time of 60 (10) ns. The inset demonstrates the
derived spin relaxation time 7; as a function of the excitation power.
(c) Temperature dependence of 7} for Pyy = 10 mW.

conduction band. In Fig. 6(a) it can also be noted that the
two polarization-resolved decay curves are almost parallel.
This indicates a rather long spin relaxation time, which in the
low power limit and for a dilute Sn alloy as in the present
case, is ultimately expected to be governed by the Elliot-Yafet
mechanism [26].

The spin relaxation time can be directly obtained by the
decay time of p.. derived from the PL data. Figure 6(b)
reveals that the pump drastically affects the spin dynamics,
since the decay rate of the polarization degree strikingly
increases with the laser power density. A variation in the
average excitation power from 30 to 2.5 mW lengthens the
spin relaxation time from about 10 to 60 ns [see the inset
of Fig. 6(b)]. Although the longest value must be solely
regarded as an upper limit, being retrieved from a much
shorter transient time, the observed power dependence of
T points towards the occurrence of optically induced spin-
flip processes and suggests the importance of electron-hole
Coulomb exchange interaction among the out-of-equilibrium
spin ensemble [7,52,58].

This finding is further supported by a systematic investi-
gation of the spin lifetime as a function of the temperature.
Figure 6(c) shows that T; steadily decreases as the tempera-
ture is increased from 7 to 200 K. Interestingly, 7| remains
rather constant at higher temperatures. The following sce-
nario likely accounts for such observations. At low temper-
atures, the electron spin relaxation is dominated, under our

035202-5



S. DE CESARI et al.

PHYSICAL REVIEW B 99, 035202 (2019)

TABLE I. Spin dependent parameters of relevant semiconduc-
tors. The spin-orbit splitting Ago can be utilized to provide a qualita-
tive metrics for the strength of spin-orbit coupling in a given material.
The spin relaxation times at room temperature are reported in the last
column.

ASO (meV) Tl (HS) at 300 K
Si 44 6 [61], 8 [62]
Ge 290 1[26], 0.5 [63], 0.25 [64,65]
G60.95Sl'10.05 320 [45] 0.5
GaAs 350 <0.9 [66,67]

experimental conditions, by exchange interaction with pho-
toinduced holes. In this temperature regime, the optical ac-
tivity of the defect states, being largely occupied by extrinsic
carriers, turns out to be mitigated. Thermal-induced ionization
of the shallow traps, however, activates nonradiative recombi-
nation events that shorten the carrier lifetime and eventually
increases the concentration of unpolarized free carriers. The
latter can contribute along with scattering off the central-cell
potential of the impurities [59] and the phonon mediated spin-
flip processes [26,60] to the temperature-driven Elliot-Yafet
spin relaxation observed in Fig. 6(c).

It should be noted that 77 remains in the nanosecond
regime even in the high temperature range and approaches
the values expected in elemental Ge [26,60]. Table I specif-
ically summarizes a more direct comparison with some of

(a)'I'I'I'I'I'I'I'I'I\'

the available values of the spin lifetime reported at room
temperature for bulk Ge and other prominent semiconductors.
Our findings suggest that the small amount of the heavier
element Sn, incorporated in the lattice, gently perturbs the
electron spin properties, thus preserving (i) the favorable spin-
orbit coupling pertaining to the Ge band structure and (ii) an
almost perfect O, symmetry of the lattice, so that Dyakonov-
Perel relaxation is not significant. The former property has
been remarkably identified as a key feature that enables Ge to
support exceedingly long spin lifetimes [7,26].

In light of these considerations, we expect that alloying
Ge with Sn can offer a novel degree of freedom to engineer
phenomena based on spin-orbit coupling, such as Rashba or
spin Hall effects, while retaining a desirably long spin relax-
ation. Finally, we notice that the 7} regime measured at room
temperature is already comparable to the typical switching
frequency of standard electronic devices, thus increasing the
prospects of a practical implementation of Ge;_,Sn, for spin
transport and manipulation in future device architectures.

C. Quantum beat spectroscopy and coherent spin dynamics

In the following we extend our all-optical investigation by
measuring the electron spin dynamics under the presence of an
external magnetic field (B) in Voigt geometry, e.g., B || [110].
In particular, we apply spin quantum beat spectroscopy to
Ge-based systems, demonstrating coherent spin dynamics and
providing an estimation of the Landé g factor of conduction
electrons in strained Ge;_,Sn, layers.
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FIG. 7. (a) Magnetic field dependence of the dynamics of the circular polarization degree (p.i..) measured at a lattice temperature of 7 K
and for a laser excitation energy of 1.165 eV and P,y = 10 mW. Experimental data obtained by applying a magnetic field strength of 20.6 (blue
dots), 32.3 (red dots), and 53.5 mT (black dots) and the corresponding fits (solid lines) have been shifted for clarity. p.,. oscillates around zero
and the quantum beatings can be interpreted in terms of the Larmor precession of the electron spins due to the presence of an external magnetic
field perpendicular to the quantization axis (Voigt configuration, see inset). (b) Dependence of the Larmor frequency w on the magnetic field
strength for a fully strained Ge9sSng s layer epitaxially deposited on a Ge buffered Si substrate. The dashed line corresponds to the linear
dependence determined by the Zeeman splitting iw = g* g B, where g* is the effective g factor and g is the Bohr’s magneton. (c) Ensemble
spin coherence time 7, as a function of the external magnetic field strength. Experimental data have been obtained by the magnetic field
dependence of the damping of the quantum beats. The dashed line in the figure is based on a modeling that correlates the spin dephasing time

and the microscopic g factor spread in the alloy layer.
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The intensity oscillations of the PL circular polarization
displayed in Fig. 7(a) reflect the Larmor precession of the
electron spins in the transverse magnetic field. The precession
frequency @ depends on the strength of the magnetic field
as hw = g*upB, where pup is the Bohr’s magneton and
g* is the effective g factor. Figures 7(a) and 7(b) nicely
demonstrate such a linear relationship and allow us to deter-
mine the effective Landé factor of conduction electrons. We
find g* = 1.48 £ 0.01. This value compares favorably with
recent reports of the Landé g factor of L-valleys electrons in
Ge [7,68].

While previous works on Ge resolved multiple g-factor
values disclosing a large anisotropy [7,68], our findings sug-
gests for GeSn one precession frequency, that is, a single
effective g factor. We can start considering that Fig. 7 shows
the only data available in the literature that have been derived
from PL of group IV materials. In a PL experiment, the
optical excitation generates spin-polarized electrons with a
relatively large excess energy with respect to the conduction
band edge. The energy relaxation process of such hot elec-
trons is likely to occur via intervalley rather than intravalley
scattering. The latter is expected however to dominate the
dynamics of thermal electrons at cryogenic temperatures. The
g-factor anisotropy might be thus washed out for the optically
injected carriers, eventually yielding a single PL transient
as observed in Fig. 7. This mechanisms can have important
consequences also on the spin relaxation. Optical excitation
can activate the intervalley spin relaxation channel even at
temperatures at which such scattering mechanisms should be
inhibited because of the negligible population of zone-edge
phonons [26].

We observe in Fig. 7 that the magnetic field amplitude
affects the period of the quantum beats along with their
damping time. The latter feature, summarized in Fig. 7(c),
discloses the presence of transverse spin relaxation mech-
anisms. The substantial decrease of the dephasing time of
the spin ensemble (7,°) with the strength of applied mag-
netic field is a result of g-factor fluctuations, Ag [69,70].
Indeed, in the optical orientation process, light absorption

generates conduction electrons with a finite excess energy.
Spin dephasing is triggered by the cooling process, during
which electrons experience momentum relaxation and random
effective magnetic fields given by local changes in the alloy
composition and strain. Data in Fig. 7(c) are well described by
the equation [70] 1/7;(B) =1/T;(0) 4+ AgugB/h (black
line) resulting from a normal distribution of g factors, and
provides us witha Ag of 2.1 x 1072

V. CONCLUSIONS

The measurement of the PL decay curves allowed us to
gather insights into recombination mechanisms and to resolve
the physics of carrier dynamics over a wide temperature range.
These findings can be utilized in the quest for achieving real-
life deployment of light emitting devices based on Ge;_,Sn,
alloys. Furthermore, we have explored the exciting prospect
of utilizing a new group IV material, such as Ge;_,Sn,, as
future solid-state hosts of spin-based information. The tunable
band structure and SOC, promised by this novel alloy, can
potentially offer a very rich spin physics, whose fundamental
understanding is however still absent. The demonstrated ap-
plicability of light-matter interaction facilitated in this work
the anticipation of spin-dependent phenomena pertaining to
this notable material. Robust quantum coherence within a
spin ensemble has been observed and loss mechanisms in-
duced by local alloy fluctuations identified. Finally, the PL
dynamics measurements allowed us to gather insights into
the spin dynamics over a wide temperature range. Looking
ahead, the determination of the effective Landé g factor and
the temperature-dependent spin-flip mechanisms can provide
key information for the future design of spintronic devices
and the potential applicability of Ge;_,Sn, for gate-defined
spin qubits.
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