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The frequency dependent drift-diffusive spin transport of polarized electrons lying at the bottom of the conduction
band of n-doped Ge, Si, and GaAs is numerically investigated at room temperature. First, we calculate the spin lifetime
for such electron populations. Then, the temporal evolution of a spin population detected at a certain distance from the
injection point is studied by employing a finite element method to solve the coupled spin drift-diffusion and continuity
equations in a one-dimensional frame. In this way, we unveil the intricate dependence of the spin accumulation as
a function of the distance between the injection and detection point, the doping level of the semiconductor, and the
amplitude and frequency of the electric field. Notably, the spin signal features both a variation in phase with the
electric field, and a modulation at higher harmonics. The cut-off frequency of the spin signal increases with the electric
field’s amplitude or by reducing the spin-diffusion length. With applied bias voltages compatible with those used in
electronics, we obtain cut-off frequencies of about 35 GHz in Ge, 480 MHz in Si and 15 THz in GaAs. Our results
not only shed light on the fundamental mechanisms governing spin dynamics but also hold the promise for future
applications in spin-dependent logic operations.

I. INTRODUCTION

One of the aims of spintronics is to boost the performances
of electronic devices by developing new architectures able to
fast control the spin degree of freedom of carriers in solid-
state systems1,2. Non-local (NL) geometries, where the spin
injection is spatially separated with respect to the spin detec-
tion, are fundamental to manipulate the information hauled by
spins thanks to the possibility of modulating the spin signal
within the transport channel3–5. Both electrical6,7 and optical
spin injection8–11 are exploited in NL architectures to gener-
ate spin-oriented populations in semiconductors12,13. Schot-
tky tunnel contacts are used to electrically generate spin ac-
cumulation in four-terminal devices as lateral spin valves14,15.
The modulation of a spin current can be typically performed
with an external magnetic field, which induces spin preces-
sion, or with an applied electric field, that can also drive spin
precession owing to the spin-orbit coupling (SOC)16 as in spin
field-effect transistors (spin-FET)17 or similar NL transport
geometries18,19. Nevertheless, demonstrations of spin-current
modulation have thus far been restricted to electrons and holes
confined to two dimensions or fewer at cryogenic tempera-
tures20–22 and only recently at room temperature23. Alter-
nately, a spin-polarized electron population generated in the
semiconductor can be accelerated or decelerated by an elec-
tric field before entering into a spin detector24,25. Thanks to
the finite spin lifetime, the accelerating (decelerating) electric
field enables spin-polarized electrons to travel longer (shorter)
distances before depolarization. In this way, a spin-dependent
signal can be electrically modulated at the detector even at
room temperature without exploiting SOC-induced spin pre-
cession to provide either high or low output voltages from a
NL device or a spin interconnect26.

In this work, we investigate the spatial and temporal de-
pendence of a spin-polarized electron population density s =

n↓ − n↑, being n↓ (n↑) the spin-down (up) electron density
aligned along a quantization axis, subject to an electric field
E(t) = E0 sin(2π f t) in a one-dimensional (1D) NL geome-
try. Two regimes of spin drift-diffusion depending on the am-
plitude of the electric field are observed: i) the first one is
representative of a "weak field regime" in which the spin den-
sity mostly oscillates at the modulation frequency of the field
f for almost all the investigated injector-detector distances
x, whereas ii) the second one is representative of a "strong
field regime", occurring for larger electric field amplitudes
E0, in which a leading contribution at 2 f appears. We eval-
uate the cut-off frequency for the two regimes as a function
of the doping density Nd and the distance x at room tempera-
ture to identify the best-case scenario for the modulation of a
spin-dependent signal exploiting spin drift-diffusion in Ge, Si,
and GaAs. This study reveals the possibility to control spin-
dependent output signals with high-frequency electric fields
in NL architectures and spin interconnects, a critical require-
ment for developing fast-response spin-based logic devices
in CMOS-compatible platforms. The present results and the
revealed spin dynamics can also assist in guiding the time-
dependent operations of semiconductor junctions displaying
spin-voltaic effect27 or spin-dependent signal amplification28.

II. NUMERICAL SIMULATIONS

The spatial and temporal dependence of a spin-polarized
electron population density s(x, t) is evaluated by applying the
finite element method (Comsol Multiphysics® 6.0) to numer-
ically solve the time dependent coupled spin drift-diffusion
and continuity equations, which, for a 1D geometry and an
uniform electric field applied along the x-axis, read16,29,30, re-
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FIG. 1. (a-c) Calculated electron spin lifetime τs, diffusion coefficient De and (d-f) spin-diffusion length Ls as a function of the doping density
Nd for n-doped (a-d) Ge, (b-e) Si and (c-f) GaAs at room temperature. The values of τs and Ls are valid for electrons lying at the bottom of the
conduction band at L for Ge, Γ for GaAs and in the three ∆ valleys along X for Si, as explained in the Appendix A.

spectively:

js(x, t) = q
[

µeE(t)s(x, t)+De
∂ s(x, t)

∂x

]
, (1a)

∂ s(x, t)
∂ t

=
1
q

∂ js(x, t)
∂x

− s(x, t)
τs

. (1b)

In the previous expressions, js(x, t) is the spin current den-
sity, τs the electron spin lifetime, q the elementary charge,
µe the electron mobility, E(t) = E0 sin(2π f t) a sinusoidal
time-varying electric field, De = µekBT/q the electron diffu-
sion coefficient, kB the Boltzmann constant and T the tem-
perature. Note that Eqs. (1) describe only spin transport
within the channel between the injection and the detection
point. Accounting for other factors that may limit response
times, such as junction capacitance at detection, are beyond
the scope of this work. The doping dependence of De is ob-
tained from Ref. 31–33, while the one of τs is calculated as de-

scribed in the Appendix A (see Fig. 1a-c). The equations are
solved for electrons, since spin-polarized holes in the valence
band of n-doped semiconductors are characterized by a much
shorter spin lifetime (of the order of femtoseconds at room
temperature34). Furthermore, the electron-hole recombination
is neglected in Eqs. (1) because it occurs on a much longer
timescale compared to τs in Ge35, Si36 and GaAs37, having
a negligible impact on the spin density. The dependence of
the spin-diffusion length Ls =

√
Deτs (see Fig. 1d-f) is differ-

ent for GaAs due to the presence of the Dyakonov-Perel spin
relaxation mechanism, which is instead absent in Ge and Si
(details in the Appendix A). Since Ls shows large variations
as a function of the semiconductor and of the doping level,
the simulations domain and the mesh-size are scaled with Ls.
We consider a 10Ls-thick segment, which guarantees that the
net spin population is negligible at the end of the domain
even with the applied electric field, and a mesh-size of Ls/30.
The boundary conditions for t > 0 are set as js(0, t) = j0 and
s(10Ls, t) = 0, which represent a constant spin current at the
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FIG. 2. Temporal dependence of the (a) sinusoidal time-varying electric field E(t) and (b-c) normalized spin density s/s0 evaluated with
an amplitude of the field (b) E0 = 103 V/cm and (c) E0 = 104 V/cm, a modulation frequency f = 107 Hz and an injector-detector distance
x = Ls/2 (black), x = Ls (blue) and x = 2Ls (red) in 5×1018 cm−3 n-doped Ge. (d) Electric field’s amplitude E0 dependence of sω/s0 (solid
lines) and s2ω/s0 (dashed lines), i.e., the amplitudes of the first and the second harmonics of the spin density, respectively. (e) Doping density
Nd dependence of E0,max, i.e., the E0 value that corresponds to the maximum sω/s0 in panel d, in Ge (green), Si (yellow) and GaAs (violet).
(f-g) Modulation frequency f dependence of (f) sω/s0 and (g) s2ω/s0 evaluated in 5×1018 cm−3 n-doped Ge with E0 = E0,max. The dashed
vertical lines report the cut-off frequencies fω and f2ω of sω and s2ω , respectively.

injection point and a zero spin accumulation at the end of the
domain, respectively. The initial state is s(x,0) = s0(x) =
s0(0)e−x/Ls , which is the steady-state analytical solution of
Eqs. (1) in a pure diffusive regime, i.e., for E(t) = 0, and in a
semi-infinite space with the same left-boundary (x = 0) con-
dition described before. With µe, De, τs and Ls provided as
input parameters, Eqs. (1) are numerically solved for different
amplitudes E0 and modulation frequencies f of the electric
field. The output quantity of the calculation is the spin den-
sity s(x, t) normalized to the spin density in a pure diffusive
regime s0(x). As a figure of merit of the modulation, we study
sω/s0 and s2ω/s0, i.e., the normalized amplitudes of the first
and the second harmonics of the spin density, respectively, as
a function of E0 and f . The cut-off frequencies fω and f2ω

for the weak and the strong field regimes are then estimated
as the values satisfying |sω(x, fω)|= max(|sω(x, f )|)/

√
2 and

|s2ω(x, f2ω)|= max(|s2ω(x, f )|)/
√

2, respectively.

III. RESULTS AND DISCUSSION

A case in point of the temporal dependence of s is shown in
Fig. 2a-c. We evaluate the temporal dependence of the nor-
malized spin density s/s0 for a n-doped Ge substrate (5 ×
1018 cm−3) within a single period of the electric field (panel
a) for E0 = 103 V/cm (panel b) and E0 = 104 V/cm (panel c).
We sample the spin density for an injector-detector distance
x = Ls/2, x = Ls and x = 2Ls and a frequency f = 107 Hz,
which is well below the cut-off as detailed later. By varying
E0, two spin drift-diffusion regimes are distinguished. The
first one for E0 = 103 V/cm (panel b) is representative of a
weak field regime in which s primarily oscillates at the modu-
lation frequency and can exceed the diffusive density s0 when
E(t) ̸= 0 and x ̸= Ls. In this case, s is larger than s0 when the
electric field accelerates spin-polarized electrons for x > Ls,
or when the electric field decelerates spin-polarized electrons
for x < Ls. This is a direct consequence of the electric field
pulling spin-polarized electrons far away from the injection
point for E(t) < 0, thus favouring spin accumulation at large
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FIG. 3. (a-c) sω/s0 and (d-f) fω as a function of injector-detector distance x for (a-d) Ge, (b-e) Si, and (c-f) GaAs. The doping density Nd
ranges between 1×1015 cm−3 (black), 2×1016 cm−3 (blue), 3×1017 cm−3 (red) and 5×1018 cm−3 (green). All the data are evaluated for
E0 = E0,max and sω/s0 is calculated with a modulation frequency f < fω .

distances. Instead, it confines electrons close to the injec-
tion point for E(t) > 0, thus favouring spin accumulation at
small distances. Hence, the spin density mostly oscillates at f
and s(x ≲ Ls, t) and s(x ≳ Ls, t) are in antiphase. Notably, at
x = Ls, the maximum spin density occurs at integer multiples
of T/2, i.e., when E(t) = 0, and s(Ls,T/2) = s0(Ls). This is
because a positive (negative) electric field confines spin car-
riers near the injection point (or pushes them away from it).
This mechanism reduces the absolute number of spin carriers
at x = Ls regardless of the field direction, leading to oscilla-
tions at twice the modulation frequency. Instead, the second
one for E0 = 104 V/cm (panel c) is representative of a strong
field regime in which s exhibits peaks at a repetition rate of 2 f
and remains mostly lower than s0. In the strong field regime,
both positive and negative values of E(t) can reduce s with
respect to s0 because the electric field is sufficiently strong
to confine electrons very close to or very far away from the
injection point. Therefore, s primarily oscillates at twice the
modulation frequency and is characterized by peaks located at
integer multiples of T/2 for x = Ls, or lightly shifted with re-
spect to T/2 for x ̸= Ls (see the red line in Fig. 2c as an exam-
ple). The latter is explained because s can eventually increase
above s0 for a short time when E(t) ≈ 0. The peculiar be-

havior for x = Ls and the presence of two spin drift-diffusion
regimes are consequences of the electric field influencing the
average distance traveled by spin-polarized electrons before
depolarizing without affecting the total amount of spin inside
the domain (see Appendix B for a thorough discussion).

In the frequency domain, we evaluate sω and s2ω for
5× 1018 cm−3 n-doped Ge (see Fig. 2d) as a function of E0.
This confirms the presence of two spin drift-diffusion regimes.
Indeed, sω dominates the spin density for x ̸= Ls at low E0
and has a maximum for E0,max, a value that depends on the
semiconductor and the doping density (see Fig. 2e). Instead,
s2ω represents the main contribution at E0 > E0,max, therefore
E0,max can be considered as the electric field amplitude which
separates the weak and the strong field regimes. For x = Ls,
s2ω is the leading contribution even in the weak field regime,
as expected from the time domain analysis reported above.
Fig. 2f-g shows an example for determining the cut-off fre-
quencies fω and f2ω in the frequency response of sω and s2ω ,
respectively, for E0 = E0,max. The non-monotonic behavior of
sω and s2ω as a function of f (see the blue and the red lines
in Fig. 2f and g, respectively) arises from the suppression of
higher harmonics with cut-off frequencies lower with respect
to fω and f2ω , thus enhancing sω and s2ω close to their cut-off.
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In the following, E0 = E0,max will be used to estimate the cut-
off frequency in the weak field regime fω , being the field am-
plitude that maximizes sω . The bias voltage ∆V0 that provides
an electric field E0 = E0,max in the semiconductor can be esti-
mated by considering two ohmic contacts spaced by 5Ls apart
and assuming an uniform electric field within the semiconduc-
tor. Under these conditions, the maximum electric field cor-
responds to an applied ∆V0 ranging between 200− 700 mV
for Ge, Si, and GaAs depending on the doping density, which
are reasonable values commonly exploited in electronic de-
vices. Instead, E0 = 10 E0,max will be used to estimate the
cut-off frequency in the strong field regime f2ω to have s2ω as
the leading contribution of the spin density without exploiting
bias voltages larger than few volts.

The doping density and the injector-detector distance de-
pendencies of sω/s0 and fω , evaluated for E0 = E0,max and
sω/s0 for f < fω , are reported in Fig. 3a-f. The sω/s0 ra-
tio decreases as x increases for x ≲ 0.8 Ls (see Fig. 3a-c). It
reaches a zero value around 0.8 Ls, where the number of ac-
cumulated spin carriers is equal for both positive and negative
electric fields. Beyond x ≳ 0.8 Ls, the sω/s0 ratio increases
driven by the increasing difference in the number of accumu-
lated spin carriers for positive and negative electric fields. Ul-
timately, it exhibits a trend only determined by the decrease
of s0 with increasing injector-detector distance. It is worth
pointing out that, except for x ≈ 0.8 Ls, sω/s0 remains above
10% for almost all the investigated combinations of injector-
detector distance, semiconductor material, and doping den-
sity. Instead, fω increases when Ls decreases (see Fig. 3d-f,
and Appendix C for further discussion). This occurs because
spin-polarized electrons must cover longer distances when
their spin-diffusion length is larger to observe an electrically-
driven modulation of s, slowing the response of spin accumu-
lation to the applied field. Hence, the largest fω is obtained in
heavily doped Ge and Si, and in lightly doped GaAs due to the
opposite trends of Ls as a function of Nd . In Si, the largest fω

is only 80 MHz. Conversely, the fω is about 7 GHz in Ge and
larger than 2.5 THz in GaAs, owing to the significantly lower
Ls with respect to Si. The doping density and the injector-
detector distance dependencies of s2ω/s0 and f2ω , evaluated
for E0 = 10 E0,max and s2ω/s0 for f < f2ω , are reported in
Fig. 4a-f. The s2ω/s0 ratio remains above 100% for all the
investigated distances x, also close to Ls (see Fig. 4a-c). The
enhancement of s2ω/s0 for x ≥ 2Ls and x ≤ Ls/2 stems from
the increasing of s above s0 for t ≈ T/2 and E(t) ≈ 0 in the
strong field regime, as discussed before. Both fω and f2ω (see
Fig. 4d-f) are maximum for x ≈ 0.75Ls, thus where sω and
s2ω are close to the minimum, revealing a faster response for
lower modulated spin accumulation. Moreover, f2ω is larger
than fω for all the investigated scenarios. This is explained
because s2ω/s0 dominates the spin density for larger E0 and
the latter allows to modulate at higher frequencies. In this
regime, f2ω is about 35 GHz in heavily doped Ge, 480 MHz
in heavily doped Si and 15 THz in lightly doped GaAs. There-
fore, exploiting high electric fields can dramatically improve
the amplitude and the frequency response of a spin-dependent
output signal.

IV. CONCLUSION

We have numerically investigated the dynamics of spin-
polarized electrons in Ge, Si, and GaAs driven by a sinusoidal
time-varying electric field and detected at a distance from the
injection point of the order of the spin-diffusion length. The
frequency response of spin drift-diffusion is characterized by
two regimes depending on the amplitude of the electric field,
where the first and the second harmonics of the spin density
are the dominating contributions, respectively. Our simula-
tions suggest that the strong field regime, where the second
harmonic dominates, is characterized with a higher cut-off
frequency with respect to the weak field regime, allowing for
the exploitation of modulation frequencies up to 35 GHz in
Ge, 480 MHz in Si, and 15 THz in GaAs by using modest
bias voltages. These results suggest that a spin-dependent out-
put signal can be modulated exploiting spin drift-diffusion at
high frequencies in a vast range of distances between the in-
jection and the detection point. These findings not only con-
tribute to a better understanding of spin dynamics in semicon-
ductors, but also pave the way to using high-frequency elec-
tric fields for fast-response spin-based logic applications in
CMOS-compatible platforms.
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Appendix A: Electron spin lifetime

The doping dependence of the electron spin lifetime τs
at room temperature, which is estimated by considering the
intra- and inter-valley scattering rates with impurities and
phonons38–41 following the approach of Ref. 42, is valid for
thermalized electrons, with kinetic energy Ek = kBT , laying at
the minima of the conduction band at the L and Γ point for Ge
and GaAs, respectively, and in the three ∆ valleys of the Bril-
louin zone for Si. The momentum-relaxation time τm of spin-
polarized carriers related to the ionized-impurity scattering is
calculated using the Brooks-Herring approach43, whereas τm
associated to the phonon scattering is evaluated as detailed in
Ref.43. In Ge and Si, the spin relaxation is described within
the Kane model of the Elliot-Yafet (EY) theory44,45, which is
valid for electrons at the Γ point and only approximately at
the L point for Ge and in the ∆ valleys for Si, yielding a τs
proportional to τm

46:

τ
EY
s =

(
∆so

Eg +∆so

kBT
Eg

)−2

τm, (A-1)

being ∆so the spin-orbit splitting and Eg the band gap. τm
decreases by increasing the doping concentration because of
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ionized-impurity scattering43. Therefore, τs decreases with
the doping density in the doping range where the impurity
scattering is the leading depolarization channel, namely for
Nd > 3×1016 cm−3 and Nd > 5×1015 cm−3 in Ge and Si47,48,
respectively. For lower doping concentrations, the spin life-
time is instead dominated by inter-LL (in Ge) and inter-∆∆

(in Si) valley scattering mediated by phonons, and results less
dependent on Nd . Conversely, GaAs lacks inversion symme-
try and spin depolarization is driven by the combination of
the EY and the Dyakonov-Perel (DP) spin-relaxation mech-
anisms, with the latter that can be calculated following the
Pikus and Titkov model49:

τ
DP
s =

(
Qτmα

2
c
(kBT )3

h̄2Eg

)−1

, (A-2)

being Q a dimensionless parameter depending on the opera-
tive scattering process (Q = 1.5 for scattering by ionized im-
purities) and αc a coefficient determining the value of the spin
splitting (αc = 0.07 in GaAs)49,50. The polar optical phonon
scattering43, which is expected to be critical for momen-
tum and spin relaxation in III-V semiconductors at 300 K51,
is evaluated as in Ref. 52 and results weaker than ionized-
impurity scattering for thermalized electrons in n-doped sam-

ples. Moreover, the DP spin depolarization is more efficient
than EY relaxation mechanism, thus τs increases with Nd re-
vealing an opposite trend as compared to Ge and Si. Our re-
sult does not take into account the suppression of the DP spin-
flip mechanism in high-mobility GaAs50 because the electron
mobility µe is lower than 104 cm2/(V s) for whatever Nd con-
sidered here. Moreover, the metal-to-insulator transition ob-
served near to Nd = 2× 1016 cm−3 in GaAs53, which is de-
terminant at low-temperature, is instead negligible at room
temperature and therefore disregarded in the calculations. The
hot-electron effect induced by the electric field, which reduces
τs, is also neglected being weak for the investigated doping
densities and electric field amplitudes54. The Bir–Aronov-
Pikus relaxation mechanism is not considered in our estima-
tions of τs in Ge, Si, and GaAs because in n-doped semicon-
ductors there are few holes and the electron-hole exchange in-
teraction is negligible29. Our spin lifetime τs in Ge and GaAs
is in accordance with previous reports47,53–57, whereas it is
larger with respect to Refs. 58 and 59 in Si. This discrepancy
could be ascribed to the tough application of the Kane model
for electrons in the ∆-valleys48,60, leaving out the inter-valley
spin-flip mechanism driven by impurity scattering58, which is
only considered as an intra-valley process. Despite the large
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FIG. 6. Dependence of the cut-off frequency fω as a function of (a) electron spin lifetime τs, (b) electric field amplitude E0 and (c) electron
diffusion coefficient De evaluated at a distance x = 2Ls from the injection point. Each dependence is calculated by varying each single
parameter keeping the others constant and equal to τs = 1 ns, E0 = 103 V/cm and De = 80 cm2/s, respectively.

number of parameters involved and the uncertainty surround-
ing each of them, the spin-diffusion length is in good agree-
ment with experimental measurements (which also exhibit
significant data variability) for Ge, Si, and GaAs4,7,14,15,25,55.
In the case of Si, the agreement is within a factor of 3.

Appendix B: Conservation of the total spin in the domain

To gain insights into the temporal dependence of s/s0 re-
ported in Fig. 2b-c, we consider a semi-infinite domain with a

fixed spin current source at the left boundary (x = 0) and a ho-
mogeneous electric field applied to the domain. The analytical
solution of the spin accumulation is24,25,61:

s = Āe−x/L̄s , (A-1)

where Ā and L̄s represent the amplitude and the spin transport
length25, respectively, both of which depend on the applied
electric field. In the case of E(t) = 0, the amplitude Ā and the
spin transport length L̄s reduce to the purely diffusive values
A, i.e., in the main text s0(0), and Ls. Therefore, at any t > 0,
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the spin accumulation at x = Ls is:

s(Ls, t) = Āe−Ls/L̄s , (A-2)

which at t = 0, when E(t) = 0, simplifies to s(Ls,0) = A/e.
Hence:

s(Ls, t)
s(Ls,0)

=
Ā
A

e1−Ls/L̄s . (A-3)

Since the application of an electric field does not affect the
source and sink terms in Eqs. (1), the total spin stot accumu-
lated in the domain is conserved between t = 0 and any t > 0.
By integrating Eq. (A-1) over the entire domain, we find that
stot = ĀL̄s. Since this also equals to ALs at t = 0, the conser-
vation of stot gives ALs = ĀL̄s, and Eq. (A-3) can be expressed
as:

s(Ls, t)
s(Ls,0)

=
Ls

L̄s
e1−Ls/L̄s . (A-4)

This expression has an absolute maximum at L̄s = Ls, where
s(Ls, t) = s(Ls,0), meaning that the application of either a pos-
itive or negative electric field reduces the spin accumulation at
x = Ls compared to the purely diffusive case. Conversely, as
shown in Fig. 5a-b, the application of an electric field can ei-
ther increase or decrease the accumulated spin compared to
the purely diffusive scenario for x ̸= Ls.

Appendix C: Trends for the best operating condition

Since an analytical expression of fω can not be obtained,
we isolate the dependencies of fω at room temperature with
respect to τs, E0 and De by varying each single parameter
and keeping the others constant to determine which are the
best conditions to operate. The dependencies are reported for
x = 2Ls to avoid the peculiar case of x = Ls discussed in the
main text. As shown in Fig. 6a, fω decreases with τs, which
indicates that the modulation driven by spin drift-diffusion
is more effective when spin-polarized electrons depolarize
faster. This can be explained because the spin-diffusion length
increases with the spin lifetime, resulting in a slower response
of the spin accumulation to the electric field. In Fig. 6b, fω

increases with E0 as a consequence of a larger driving force
able to displace spin-polarized carriers in the domain, sug-
gesting the possibility of increasing the cut-off frequency ex-
ploiting larger fields. Finally, fω increases with De, and there-
fore with µe, in Fig. 6c. This occurs because high-mobility
spin-polarized electrons are characterized by larger velocities
which enable faster modulation. In conclusion, operating with
large electric fields on high-mobility electrons with low spin
lifetime enhances the response of spin drift-diffusion.
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