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The optical injection of charge and spin currents is investigated in Ge1−xSnx semiconductors as a function of
Sn content. These emerging silicon-compatible materials enable the modulation of these processes across the
entire mid-infrared range. Under the independent-particle approximation, the one- and two-photon interband
absorption processes are elucidated, and the evolution of the coherent control is discussed for three different
polarization configurations. To evaluate the contribution of high-energy transitions, a full-zone 30-band k·p is
employed in the calculations. It was found that, besides the anticipated narrowing of the direct gap and the
associated shift of the absorption to longer wavelengths, incorporating Sn in Ge also increases the one-photon
degree of spin polarization (DSP) at the E1 resonance. Moreover, as the Sn content increases, the magnitude of
the response tensors near the band edge exhibits an exponential enhancement. This behavior can be attributed
to the Sn-incorporation-induced decrease in the carrier effective masses. This trend appears to hold also at the
E1 resonance for pure spin current injection, at least at low Sn compositions. The two-photon DSP at the band
edge exceeds the value in Ge to reach 60% at a Sn content above 14%. These results demonstrate that Ge1−xSnx

semiconductors can be exploited to achieve the quantum coherent manipulation in the molecular fingerprint
region relevant to quantum sensing.
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I. INTRODUCTION

The coherent control of quantum interference between two
independent pathways is a generic process allowing the ma-
nipulation of the final state of a given system [1–12]. For
instance, by combining one- and two-photon absorption pro-
cesses, this principle enables the injection of ballistic charge
and pure spin currents in semiconductors with amplitudes
and directions dependent on the incident fields’ polariza-
tion and phase [9,12–14]. This ability to induce relatively
strong and directional charge currents stimulated further inter-
est to implement qubit-photon interfaces needed in quantum
communication [10], control phonon-photon interaction in
quantum materials [7], and generate spintronic THz emis-
sion [8] and magnetic fields [9,15]. The injected currents
have also been used in detection schemes to determine the
parameters of the incident light beams [16–19] and control
spectral line shapes toward extreme ultraviolet lasing [11].
Interestingly, current studies on semiconductors have been
predominately centered on achieving optical injection in the
near-infrared and telecom wavelengths. This is mainly at-
tributed to the available materials and heterostructures that
are based on GaAs, Si, or Ge. Indeed, the initial studies
on the coherent control have focused on GaAs [1,2,5], fol-
lowed by Si and Ge [20–22]. Both materials have an indirect
band gap, but contrary to Si, Ge allows the resonant in-
jection of ballistic currents across its direct gap, without
significant involvement of indirect transitions. Ge is also
of particular interest because of its stronger spin-orbit cou-
pling, long spin lifetime [23,24], and direct gap at telecom
wavelength.

Extending the optical spin injection and coherent control
to longer wavelengths would enable the quantum coherent
manipulation in the molecular fingerprint range, which would
open new possibilities for applications in dynamic and struc-
tural quantum sensing [25,26]. With this perspective, herein
we propose Ge1−xSnx semiconductors [27] as a platform for
a tunable coherent control over the entire mid-infrared re-
gion. As an emerging alloy, the optical, electronic, and spin
properties of Ge1−xSnx remain largely unexplored. Recent
studies suggested that GeSn alloys are of interest to spintron-
ics because of their long spin lifetime [28] and even larger
spin-orbit coupling. Additionally, these semiconductors are
compatible with silicon processing [27], which makes them
relevant to implement scalable on-chip mid-infrared quantum
sensors and photon-spin interfaces.

In this article, by investigating alloys with a Sn content in
the 0% to 20% range, carrier, spin, current, and spin current
injection in bulk Ge1−xSnx are discussed for the two-color ω

and 2ω scheme. Note that the much weaker phonon-assisted
processes are ignored to consider only the direct transitions;
therefore the modification in the directness of Ge1−xSnx does
not affect the optical injection results. Under the independent-
particle approximation, the one- and two-photon interband
absorption processes are analyzed, and the results of coher-
ent control are presented under three different polarization
configurations. In order to observe high-energy features such
as the E1 transition, a full-zone 30-band k·p is employed for
the calculations. The integrals in reciprocal space are per-
formed with a linear tetrahedron method. By extending the
methodology developed for GaAs and Ge [29,30], the derived
equations are found to be valid in the case where there are no
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TABLE I. Ge1−xSnx parameters for the 30-band k·p model.

(eV) Ge1−xSnx (eV) Ge1−xSnx (eV nm) Ge1−xSnx (eV nm) Ge1−xSnx

�l
1 −12.2519 + 1.4249x �u

1 8.2064 − 2.7334x P1 0.8421 + 0.3350x − 0.3346x2 Q2 −0.5334 − 1.4875x + 2.4647x2

�l
25′ 0.2247 + 5.3808x − 4.9535x2 �12′ 8.5786 − 0.9856x P2 0.1781 − 2.1954x + 1.9328x2 R1 0.3757 + 0.0340x + 0.0089x2

�l
2′ 0.8140 − 3.4667x + 2.2767x2 �u

25′ 13.4041 − 4.8581x P3 −0.0734 + 1.3200x − 1.2452x2 R2 0.6820 − 1.1743x

�15 2.990 − 0.796x �u
25′ 0.0793 − 0.0333x P4 1.0543 + 0.2174x − 0.4220x2 T1 0.7994 − 0.0565x − 0.0441x2

�15 0.2520 + 0.193x �u
2′ 17.0426 − 5.5226x Q1 0.8114 − 0.1332x − 0.0055x2 T2 −0.0384 + 0.3675x

�l
25′ 0.00 ��l

25′ ,�u
25′ 0.22 + 0.336x

intermediate states at exactly the midlevel between the initial
and final states of absorption. The latter condition is met at a
Sn content above 7%; thus the presented two-photon injection
and coherent control results in Ge1−xSnx in this composition
range are limited at relatively lower energy.

The outline of this paper is as follows. In Sec. II, the
theoretical model used to compute the optical response tensors
is presented, and the Ge1−xSnx band structure properties are
discussed. In Sec. III, the one- and two-photon absorption pro-
cesses are described, and the calculations for three different
configurations of the two-color coherent control scheme are
discussed. The results are summarized in Sec. IV.

II. THEORETICAL FRAMEWORK

This section describes the theoretical framework estab-
lished to investigate the electronic structure of Ge1−xSnx

semiconductors and compute the optical response tensors. In
most studies on the calculations of interband optical responses
in semiconductors, k·p models with 8 and 14 bands are typ-
ically used. However, these models are valid in a restricted
zone close to the � point. In Ge-based semiconductors, an
accurate description of the bands close to the Brillouin zone
(BZ) edges is required to capture relevant features of the
band structure, such as the E1 transition [29]. Hence, in this
work, a room-temperature full-zone 30-band k·p model is
used for the band structure calculations based on the param-
eters reported recently [31], as shown in Table I. To simplify
the parametrization process, the group Oh model was used,
neglecting any local breaking of centrosymmetry in the al-
loy. Furthermore, alloy parameters were extracted within the
virtual crystal approximation, where the alloy Hamiltonian is
obtained by a quadratic interpolation of the pure Ge and Sn
Hamiltonians, adjusted with experimental data. This approach
relies on the assumption that Ge1−xSnx is a random solid
solution without short-range ordering or Sn clustering, a no-
tion supported by experimental evidence in the compositional
range we aim to investigate [32,33], but still uncertain for
higher Sn content [34,35].

The band structure of Ge and Ge0.86Sn0.14, calculated using
the 30-band k·p model, is displayed in Fig. 1(a). It is notice-
able that the incorporation of Sn in Ge induces significant
changes such as the lowering of the split-off band and of the
first conduction band at the L point and � point. In Fig. 1(b),
the band gap at the L and � valleys is plotted as a function of
the Sn content. The extended short-wave infrared (1.5–3 µm)
and mid-wave infrared (3–8 µm) regions are fully covered

by the direct gap. Note that the band gap of bulk Ge1−xSnx

becomes direct at around 8% of Sn, which is expected to have
a strong impact on the dynamics of carriers generated by the
optical injection.

The evaluation of the optical response tensors is carried out
following a semiclassical framework within k·p theory, in the
independent-particle approximation. We neglect the indirect
absorption processes since they require phonon mediation and
are thus much weaker than direct processes. The details of the
derivation are described elsewhere [30]. The calculated tensor
components take the following basic form:

G(ω) =
∑
c,v

∫
d3k

8π3
gcv (k)δ[ω − ωcv (k)]. (1)

The integral over the BZ is performed by employing a linear
tetrahedron method [36]. A typical challenge for these types
of calculations is that reaching convergence can be highly de-
manding in terms of computation resources. By exploiting the
point-group symmetry of the Ge1−xSnx crystal, the space to
be sampled is reduced to an irreducible “wedge” of the BZ. In
order to accurately reproduce all the features of the response
tensors, the region close to the � point requires a finer mesh
as compared to the outer regions. Therefore, a nonuniform
mesh was introduced which improves greatly the efficiency of
the k-point sampling. Finally, the calculations benefit from the

FIG. 1. (a) Band structure of Ge and Ge0.86Sn0.14. (b) Band gap
of Ge1−xSnx as a function of Sn content at the L and � valleys.
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parallel computation by regrouping the operations at k points
in batches and distributing them to separate processor cores
for simultaneous calculations.

III. RESULTS AND DISCUSSION

A. Carrier and spin injection

In the following, the calculations of carrier and spin injec-
tion in Ge1−xSnx are described for an incident monochromatic
field of a frequency ω:

E(t ) = E(ω)e−iωt + c.c. (2)

The carrier and spin optical injection rates are given by

ṅ = ṅ1(ω) + ṅ2(ω), (3)

Ṡ = Ṡ1(ω) + Ṡ2(ω), (4)

where subscripts 1 and 2 are associated with the first- and
second-order absorption processes, respectively. The results
for both processes are presented in the following two sections.

1. One-photon absorption

When considering only the one-photon transition ampli-
tude, the carrier injection ṅ1 is defined as

ṅ1(ω) = ξ ab
1 (ω)Ea∗(ω)Eb(ω), (5)

with the response tensor

ξ ab
1 (ω) = 2πe2

h̄2ω2

∑
c,v

∫
d3k

8π3
va∗

cv (k)vb
cv (k)δ[ωcv (k) − ω], (6)

where va
cv (k) are the matrix elements of the velocity operator

v, in direction a, between conduction band c and valence band
v, at wave vector k. They respect the following equation:〈

ck|v|vk′〉 = vcv (k) δ
(
k − k′). (7)

The velocity operator v is defined as v(k) = 1
h̄

∂
∂kHk [37].

Note that the optical response tensors employed in this work,
along with the procedure to derive them, are described in
detail in Ref. [30].

Similarly, the rate of one-photon spin injection is

Ṡa
1 (ω) = ζ abc

1 (ω)Eb∗(ω)Ec(ω). (8)

In this case, a multiple-scale approach is employed to consider
the coherence between nearly degenerate excited states [38].
The pseudotensor electron contribution ζ abc

1;e and hole contri-
bution ζ abc

1;h are given by

ζ abc
1;e
(h)

(ω) = (−)
πe2

h̄2ω2

′∑
c,c′,v

(c,v,v′ )

∫
d3k

8π3
Sa

cc′
(v′v)

(k)vb∗
cv (k)vc

c′v
(cv′ )

(k)

× (
δ[ωcv (k) − ω] + δ

[
ω c′v

(cv′ )
(k) − ω

])
, (9)

where Sa
cc′ are the matrix elements of the spin operator S =

h̄σ/2, in direction a, such that

〈ck|S|c′k′〉 = Scc′ (k) δ(k − k′). (10)

As explained in Sec. II, the model considers a dia-
mond crystal structure. Here, a single nonzero independent

FIG. 2. The first-order response of Ge, Ge0.93Sn0.07, and
Ge0.83Sn0.17, as a function of incident photon energy h̄ω, calculated
with the 30-band k·p model. In light colors, the imaginary part of
the susceptibility χ (ω) is presented, with the E1 and E1 + �1 peaks
identified for Ge. In darker colors, the plain (dashed) curves show the
electron (hole) contribution of the spin injection component ζ

xyz
1 .

component exists for the carrier injection response tensor ξ ab
1

and the spin injection pseudotensor ζ abc
1 :

ξ xx
1 = ξ

yy
1 = ξ zz

1 , (11)

ζ
xyz
1 = ζ

yzx
1 = ζ

zxy
1 = −ζ

xzy
1 = −ζ

yxz
1 = −ζ

zyx
1 . (12)

ξ1 is related to the susceptibility of the material as Im[χ (ω)] =
h̄
2 ξ1(ω). Within the single-particle approximation, ξ xx

1 and ζ
xyz
1

are purely real and purely imaginary, respectively.
A selected set of the obtained results is presented in Fig. 2

for three Ge1−xSnx compositions. As the Sn content increases,
the onset of absorption occurs at lower energies because of
the reduction of the band gap at the � point. At the same
time, the E1 peak of carrier injection decreases in magnitude
and shifts to lower energies, while the E1 + �1 peak shifts
to higher energies due to the stronger spin-orbit coupling.
For both electron and hole contributions to spin injection,
there is a broadening of the peak at the E1 resonance, and
the absolute value of its maximum increases slightly while
shifting to lower energies.

In equation (8), the spin injection rate is maximized by
considering a circularly polarized optical field. For a σ− light
propagating along the −ẑ direction, the spin polarization of
the injected carriers is parallel to the z axis. In this case, the
degree of spin polarization (DSP), defined as the excess of
spin-up versus spin-down polarized carriers such as DSPz =
n↑−n↓
n↑+n↓

, is calculated using the following equation, under the
symmetry considerations previously discussed:

DSPz = 2

h̄

Ṡz
1

ṅ1
= 2

h̄

Im
[
ζ

xyz
1

]
ξ xx

1

. (13)

The obtained results are displayed in Fig. 3 for the same
three compositions as in Fig. 2. The reference data for Ge
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FIG. 3. The degree of spin polarization of carriers optically
injected in Ge, Ge0.93Sn0.07, and Ge0.83Sn0.17, by left-circularly polar-
ized light. The plain (dashed) curves show the electron (hole) spin.
The sign of the hole DSP is reversed.

exhibit similar behavior to that reported earlier [29], and the
only slight difference observed in the direct band gap value
is attributed to a difference in temperature for the material
parametrization employed in the two studies. The predicted
existence of a DSP peak at the E1 transition of Ge has been
demonstrated experimentally [39]. Note that the observed
shift of the direct gap to lower energies as the Sn content in-
creases is expected, as described in Fig. 1(b). For the electron
contribution, the DSP saturates at 50% at the band edge, due
to selection rule considerations discussed in detail in Rioux
and Sipe [30]. The decrease of the DSP triggered by the onset
of spin injection from the split-off band is shifted to higher
energies in Ge1−xSnx, due to the increase of the spin-orbit
coupling with the incorporation of Sn. Therefore, the DSP
remains relatively high for a larger energy range, until the
decline at around 1.2 eV. At the E1 transition, the increase
in Sn content is associated with a shift of the peak to lower
energies, and the value of the DSP increases from 20% in
pure Ge to above 30% for Ge0.83Sn0.17. This originates from
the simultaneous drop of carrier injection and increase of spin
injection observed at the E1 resonance in Fig. 2. Above 2.2 eV,
the DSP takes negative values for higher Sn content.

2. Two-photon absorption

In semiconductors, the second-order responses to the inci-
dent field are proportional to the square of its intensity. The
two-photon carrier injection is given by

ṅ2(ω) = ξ abcd
2 (ω)Ea∗(ω)Eb∗(ω)Ec(ω)Ed (ω). (14)

The expression for the fourth-rank tensor is

ξ abcd
2 (ω) = 2πe4

h̄4ω4

∑
c,v

∫
d3k

8π3
wab∗

cv (k)wcd
cv (k)δ[ωcv (k) − 2ω],

(15)

FIG. 4. The component ξ xxxx
2 of the two-photon absorption tensor

ξ2(ω) in Ge1−xSnx , as a function of photon energy h̄ω at various Sn
compositions 0 to 20%.

where wab
cv (k) is the symmetrized two-photon amplitude:

wab
cv (k) ≡ 1

2

∑
m

va
cm(k)vb

mv (k) + vb
cm(k)va

mv (k)

ωm(k) − ω̄cv (k)
. (16)

In total, by symmetry of the diamond lattice, the tensor ξ abcd
2

has 21 nonzero components. By exchanging a ↔ b, c ↔ d ,
ab ↔ cd , or performing permutations of Cartesian directions,
3 independent components are obtained: ξ xxxx

2 , ξ
xxyy
2 , and

ξ
xyxy
2 . Within the independent-particle approximation, they are

purely real, and associated to the third-order nonlinear suscep-
tibility χ(3) by lm[χ (3)(ω; −ω,ω,ω)] = (h̄/3)ξ2(ω).

The results of the calculations for the component ξ xxxx
2

are displayed in Fig. 4. The other components show similar
features, as detailed in the Supplemental Material [40]. As the
Sn content increases from 0 to 6%, close to the band edge
there is a strong augmentation of carrier injection. At approxi-
mately 0.55 eV, the onset of absorption from the split-off band
generates a second regime of injection, which becomes more
pronounced for higher Sn content, and shifts slightly to higher
photon energies because of the higher spin-orbit coupling.
Above 1 eV, there is a small rise in the response tensor. For Sn
compositions from 8% to 20%, the focus is kept on a restricted
range of energies close to the band edge. A sizable increase in
two-photon carrier injection, nearly exponential as a function
of Sn content, is observed. This behavior is attributed to the
reduction of the effective mass as Sn composition increases.

Analogously to carrier injection, the rate of two-photon
spin injection is

Ṡa
2 (ω) = ζ abcde

2 (ω)Eb∗(ω)Ec∗(ω)Ed (ω)Ee(ω), (17)

with the fifth-rank pseudotensor defined as

ζ abcde
2;e
(h)

(ω) = (−)
πe4

h̄4ω4

′∑
c,c′,v

(c,v,v′ )

∫
d3k

8π3
Sa

cc′
(v′v)

(k)wbc∗
cv (k)wde

c′v
(cv′ )

(k)

× (
δ[ωcv (k) − 2ω] + δ

[
ω c′v

(cv′ )
(k) − 2ω

])
. (18)

By symmetry, ζ2 has two independent components: ζ
xxyxz
2

and ζ
xyzzz
2 . All 48 nonzero components of the pseudotensor can

be retrieved by applying cyclic permutations of the Cartesian
directions, exchanging b ↔ c, d ↔ e, or any combination of
these. Within the single-particle approximation, ζ2 is purely
imaginary.
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FIG. 5. The component ζ
xxyxz
2 of the two-photon spin injection

pseudotensor ζ2(ω) in Ge1−xSnx , as a function of photon energy h̄ω.
The electron (hole) contribution takes positive (negative) values. The
different curves show various Sn compositions of the alloy, from 0 to
20%.

The results for the component ζ
xxyxz
2 are presented in Fig. 5.

The other component shows similar features and is discussed
in detail in the Supplemental Material [40]. For Ge1−xSnx

alloys with Sn content up to 6%, at the onset of absorption
the spin injection increases significantly for both electrons and
holes. However, the absolute value of the magnitude of this
first peak is relatively higher for the electron contribution. At
the E1 transition around 1.1 eV, an asymmetric broadening
of the peak is observed as Sn content increases. In GeSn
alloys with even higher Sn compositions reaching up to 20%,
the spin injection becomes increasingly strong and similar to
the exponential increase of carrier injection discussed above.
Similarly, this drastic increase originates from the reduction
in the effective mass of electrons and holes observed when
the Sn content increases in the alloy.

From the two-photon carrier and spin injection, the two-
photon DSP can be evaluated. The anisotropy described
previously leads to a dependence of the two-photon DSP on
the orientation of the beam. For σ− light incident along 〈001〉,
the degree of spin polarization is given by

DSP〈001〉
2 = (h̄/2)−12 Im

[
ζ

xyzzz
2 (ω)

]
ξ

xyxy
2 (ω) − 1

2ξ
xxyy
2 (ω) + 1

2ξ xxxx
2 (ω)

. (19)

FIG. 6. The degree of spin polarization of carriers optically in-
jected by two-photon absorption in Ge1−xSnx , for left-circularly
polarized light at 〈001〉 incidence. The plain (dashed) curves show
the electron (hole) spin. The sign of the hole DSP is reversed. The
different curves show various Sn compositions of the alloy, from 0 to
20%.

The results of the calculations are presented in Fig. 6.
The two-photon electron DSP shows similar features to the
one-photon DSP. However, close to the band edge, in the case
of Ge, the value is slightly above 50%. As the Sn content
increases, contrary to the one-photon DSP which saturates at
a maximum value fixed by the selection rules, the two-photon
DSP at the band edge increases to reach approximately 60%
for alloys with a Sn content above 14%. In the case of holes,
a similar small increase in absolute value is observed with the
incorporation of Sn leading to two-photon DSP around −80%.
At the E1 resonance, for the two types of carriers, there is a
broadening of the peak, and its maximum increases slightly
while shifting to lower energies.

B. Coherent control

In this section, a bichromatic field of frequencies ω and 2ω

is considered:

E(t ) = E(ω)e−iωt + E(2ω)e−2iωt + c.c. (20)

The transition energy from two-photon absorption of the beam
with frequency ω matches that of the one-photon absorption
of the beam with frequency 2ω. The interference between both
pathways leads to the injection of charge and spin currents in
the semiconductor.

1. Charge and spin currents

The charge current has an injection rate given by

J̇a
I = ηabcd

I (ω)Eb∗(ω)Ec∗(ω)Ed (2ω) + c.c., (21)

with the fourth-rank tensor ηI :

ηabcd
I;e
(h)

(ω) = (−)
iπe4

h̄3ω3

∑
c,v

∫
d3k

8π3
va

cc
(vv)

(k)wbc∗
cv (k)vd

cv (k)

× δ[ωcv (k) − 2ω]. (22)

In the diamond structure symmetry, there are 21 nonzero
components related to three independent components ηxxxx

I ,
η

xxyy
I , and η

xyyx
I , by cyclic permutations of the indices and the

exchanges b ↔ c, ab ↔ cd .
Similar to the calculation of charge current, the spin-

current injection is evaluated with the following expression:

K̇ab
I = μabcde

I (ω)Ec∗(ω)Ed∗(ω)Ee(2ω) + c.c. (23)

μI is a fifth-rank pseudotensor obtained by employing the
multiple-scale approach:

μabcde
I;e
(h)

(ω) = (−)
iπe3

2h̄3ω3

∑
c,c′,v

(c,v,v′ )

∫
d3k

8π3
Kab

c,c′
(v′,v)

(k)wcd∗
cv (k)ve

c′,v
(c,v′ )

(k)

×
(

δ[ωcv (k) − 2ω] + δ

[
ω c′v

(cv′ )
(k) − 2ω

])
,

(24)

where Kab
mn(k) is the spin-current matrix element between

bands m and n at a wave vector k:

〈mk|vaSb|nk′〉 = Kab
mnδ(k − k′). (25)
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FIG. 7. Two-color coherent control scheme. (a) Electronic band structure of Ge0.86Sn0.14. An optical field at angular frequency 2ω can excite
direct transitions from the valence band to the conduction band, while another field at ω can excite two-photon transitions. The polarization of
the two fields determines the motion and spin of the injected carriers. (b)–(d) Carrier motion and spin polarization in the two-color coherent
control scheme, for light beams incident on 〈001〉 with (b) collinear, (c) cross-linear, and (d) co-circular polarization. The red (green) arrows
indicate the polarization state of the beam at angular frequency ω (2ω). Purple arrows indicate charge currents, black arrows indicate spin-
polarized currents, and counterpropagating black arrows indicate pure spin currents.

2. Configurations and composition-related behavior

To perform a coherent control experiment in the case of
a bichromatic field of frequencies ω and 2ω, there are three
different typical optical schemes, as shown and described in
Fig. 7.

Collinearly polarized beams. Under this configuration, the
two optical fields are collinearly polarized along the x di-
rection. A strong charge current is injected in the axis of
polarization, following the equation below, while weak spin
currents are injected in the y-z plane,

J̇I = 2 Im
[
ηxxxx

I

]
x̂E2

ωE2ω sin(�φ), (26)

with the phase-matching parameter �φ ≡ 2φω − φ2ω.
The results for ηxxxx

I as a function of the energy of the
incident field are presented in Fig. 8. The focus here is on the
electron contribution since holes in Ge have a significantly
shorter spin lifetime than electrons [23]. In Ge, the response
tensor is characterized by a strong peak at the E1 resonance
around 1.2 eV, compared to the smaller magnitude at lower
energies. As the Sn content of the material increases, the

FIG. 8. The electron contribution to the component ηxxxx
I of the

charge current injection tensor ηI in Ge1−xSnx , as a function of
photon energy h̄ω. The different curves show the evolution at various
Sn compositions from 0 to 20%.

charge current injection becomes more significant close to
the band edge. Around 0.6 eV, the split-off transitions limit
the injection to a stable value. Considering alloys with a Sn
composition between 8% and 20%, an exponential increase in
spin current injected is observed as a function of Sn content.
With the reduction of the band gap, the absorption is triggered
at lower energies, and by tuning the composition, the full
mid-infrared range becomes accessible.

Cross-linearly polarized beams. In this scheme, the optical
field of frequency 2ω is polarized along y, and the field of
frequency ω is cross-linearly polarized along x. The main
feature of this configuration is the strong pure spin-current in-
jected along the x axis, which is calculated with the following
equation. Two other currents of relatively small magnitude are
also generated: a charge current along y (expression not shown
here) and a pure spin current along z,

K̇ab
I = 2

(
μ

xyyyz
I ẑax̂b − μ

xyxxz
I x̂aẑb

)
E2

ωE2ω cos(�φ). (27)

The results for the pseudotensor component μ
xyxxz
I in

Ge1−xSnx are presented in Fig. 9. When Sn is incorporated
in Ge, there is a general increase of spin current injection for

FIG. 9. The electron contribution to the component μ
xyxxz
I of the

spin current injection pseudotensor μI in Ge1−xSnx as a function of
photon energy h̄ω. The different curves show various Sn composi-
tions of the alloy, from 0 to 20%.
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a relatively large range of energies. Compared to the charge
current injection discussed previously, in the case of spin
current there is an equivalent growth of the response tensor
at the E1 transition and at the onset of absorption. When Sn
incorporation is further enhanced to a composition of up to
20%, there is a massive increase of spin current injection
close to the band edge, which corresponds to energies in the
mid-infrared region.

Circularly polarized beams. The last configuration em-
ploys circular polarization for the two beams. A strong
spin-polarized current in the x-y plane is generated, with a
direction depending on the phase difference between the two
beams, as described by the following equations for the charge
and spin currents. A weak pure spin current is also injected
along the z axis,

J̇I = 1√
2

Im
[
ηxxxx

I − η
xyyx
I + 2η

xxyy
I

]
E2

ωE2ωm̂, (28)

K̇ab
I = ± 1√

2

(
μ

xyzzz
I − μ

xyxxz
I + 2μ

xyxzx
I

)
E2

ωE2ωm̂aẑb

∓ 1√
2

(
μ

xyzzz
I − μ

xyyyz
I + 2μ

xyyzy
I

)
E2

ωE2ωẑam̂b, (29)

where m̂ = x̂ sin(�φ) ± ŷ cos(�φ). The results for the
charge and spin current injection are described in the Supple-
mental Material [40].

IV. CONCLUSION

This study demonstrates that Ge1−xSnx semiconductors
can be used to modulate spin injection and coherent control in
the mid-infrared range. A detailed investigation of the optical
injection with the two-color quantum interference scheme is
reported as a function of Sn content. One-photon and two-

photon absorption processes were analyzed, the degrees of
spin polarization are extracted and their behavior is elucidated
for alloys starting from pure Ge up to a Sn content of 20%.
By means of the full-zone 30-band k·p theory, high-energy
features of the band structure such as the E1 transition were
included in the study. In addition to the expected lowering
of the direct gap, the incorporation of Sn in Ge was found
to induce a significant increase of the one-photon DSP at
the E1 resonance. In the case of two-photon injection and
coherent control, the magnitude of the response tensors close
to the band edge surges exponentially as a function of the
Sn content. This strong increase can be attributed to the Sn-
incorporation-induced decrease in the carrier effective masses.
This trend persists at the E1 resonance for pure spin current
injection, at least for low Sn compositions. At the band edge,
the two-photon DSP for electrons exceeds the value of 53% in
Ge to attain 60% for a Sn content higher than 14%. A higher
DSP absolute value is observed for holes reaching −80%. It
is clear that the incorporation of Sn in Ge can be used to tune
the wavelength range where a significant injection of charge
and spin current can be achieved, thus providing additional
degrees of freedom for the quantum coherent manipulation in
the molecular fingerprint region.
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