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Conversion of angular momentum into charge at picosecond timescales
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Mechanisms of spin/charge interconversion like the spin Hall effect can be used to generate and detect spin
currents at timescales ranging from dc to subpicosecond. In the dc regime, the best candidates are Rashba
interfaces showing the inverse Edelstein effect, with LaAlO3/SrTiO; presenting a record conversion efficiency.
At picosecond timescales, devices relying on inverse spin Hall effect are efficient THz emitters, but this is

less clear for Rashba-Edelstein systems. Here we study the conversion of angular momentum into charge at
different timescales in the LaAlO;/SrTiO; interface. We show that while the effect is exceptionally large in
the dc regime, it is reduced by more than four orders of magnitude at the picosecond timescale. This loss of
efficiency is discussed in terms of specificities linked to the Rashba state at the interface between these two large

band-gap insulators. This has strong implications for the spintronic THz emitters and our work underlines the

salient features required for their optimal operation.
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Spintronics is a research field that develops novel ways to
process information and store data, using the interaction of
electronic and magnetic degrees of freedom [1]. It relies on
the manipulation of angular momentum, generally carried by
conduction electrons experiencing spin-dependent scattering.
In order to get rid of all sources of dissipation one needs to
decouple charge and spin and use pure spin currents with-
out charge motion. A central interaction between these two
degrees of freedom is the spin-orbit effect, leading to spin de-
pendent scattering of electrons in metals and semiconductors.
The interaction can also interconvert spin and charge, which
is essential to design spin sources or detectors to process
pure spin currents. There are several spin/charge (S/C) conver-
sion mechanisms, all based on the spin-orbit interaction. The
most commonly used one is the inverse spin Hall effect [2,3]
(ISHE), present in conductors with large spin-orbit coupling,
such as the 5d metals Pt or W. Recently, another mechanism
based on the Rashba effect has been used for spin-to-charge
conversion. It relies on the locking between linear momentum
and spin of conduction electrons in a two-dimensional state
subjected to a strong built-in electric field. The Rashba Hamil-
tonian splits an ideal parabolic band into two subbands with
opposite chiral spin structures. When a charge current flows
in a Rashba system a net nonzero spin accumulation occurs,
emanating from the uncompensation of the Fermi contours
with opposite chiralities; this is known as the Edelstein effect
[4]. The reciprocal effect is called the spin galvanic or inverse
Edelstein effect (IEE) [5-9], where the injection of a nonzero
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spin population into a Rashba system gets converted into a
charge current due to a net drift in the Fermi contours. As a
consequence, these systems can act as spin-to-charge (S/C)
convertors as pumping a spin population generates a trans-
verse electrical current [10].

So far, the most efficient S/C conversion is observed in the
two-dimensional electronic state (2DES) at the interface be-
tween TiO,-terminated [001] SrTiO3 (STO) and another band
gap insulator like LaAlO; (LAO) [7,8,11]. For thicknesses
above four unit cells, a high mobility 2DES appears in the
STO side because of a charge transfer mechanism preventing
a diverging voltage originating from the succession of dipoles
of the alternating LaO and AlO, atomic planes. Interestingly,
this gives birth to Rashba spin-orbit coupling [12], which
can be modulated using a back-gate voltage [13]. Indeed,
the high dielectric constant of STO at low temperature and
the low carrier density of the 2DES allow for an efficient
gate controlled shifting of the chemical potential. This large
tunability is a central characteristic of this system making
it of great interest for several physical studies and potential
applications. Some particular Dirac-like points of the band
structure have been identified in transport measurements as
a Lifshitz transition occurring when new bands of a different
symmetry are populated [14,15]. In fact, this transition is best
seen in measurements of the inverse Edelstein effect (IEE)
where spin to charge conversion shows a clear maximum
versus back-gate voltage [7,9].

The figure of merit of the IEE effect is a distance
Meg obtained from the ratio between the three-dimensional
(3D) spin current density ( ij) and the resulting 2D charge
current density (j?P). j2P is simply the measured voltage
divided by the stack resistance and the unit cell parameter

©2024 American Physical Society
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(considering a purely 2D system). In a simple Rashba sys-
tem, Ajgg directly depends on the Rashba coupling ag, but
also on the electron relaxation lifetime t through: Agg = %
Known efficient spin to charge converters have either a large
Rashba splitting or a large relaxation lifetime, and no system
has been found with both. Bi/Ag belongs to the first type
whereas LAO/STO is in the latter category with a rather small
Rashba coefficient, but a slow relaxation, conferring it an
exceptional IEE [8]. Taking agr = 0.003 eVA [16], one can
estimate the lifetime to be above 10 ps, which is consistent
with that extracted from magnetotransport [12] and nonlocal
resistance [17,18] measurements (showing some variability).
IEE lengths between 6 and 20 nm (depending on back-gate
voltages) obtained for STO-based systems host the record
conversion efficiency [7,8,11]. The Ag/Bi Rashba interface
has Ajgg =~ 0.3 nm with a very short relaxation time of 5 fs
but a large Rashba splitting of 0.56eV A [5,6]. This can be
compared to heavy metals, where Ajgg represents the product
of the spin Hall angle and the spin diffusion length, which
yields values typically lower than 0.5 nm for Pt, Ta, and W
[19]. Remarkably, the LAO/STO system has also been shown
to very efficiently convert orbital momentum into charge [9]
(the orbital equivalent to the spin IEE) and when angular mo-
mentum is injected from NiFe, slightly more than half of the
charge current is coming from orbital momentum conversion.
This complexifies the detailed conversion processes but does
not conceptually change the problem of angular momentum
conversion into charge.

Beside this quasistatic behavior, spin currents can also be
handled on timescales down to a few tens of femtoseconds.
Indeed, transport of spin angular momentum has been put
forward as a key mechanism in light-induced ultrafast mag-
netization dynamics [20-22] during which bursts of angular
momentum are emitted by hot electrons [23-25]. Their con-
version into subpicosecond electrical transients is the source
of a THz radiation [26] observed in pure ferromagnetic layers
[27] or generated by magnetic and surface nonlinearities [28].
These signals can be greatly amplified by adding a spin-to-
charge converter [29] and the resulting efficient THz emitters
[26,29] can compete with optical rectification in ZnTe [30],
GaP, and InP [31] while also providing gapless emission
spectra. They represent a technological implementation of
femtosecond spin currents and extensive work is devoted to
improving and tailoring their emission [20]. Therefore, it is
interesting to look into the options offered by IEE systems,
and some work has already been published on Bi/Ag [32,33]
or CoFeB/MgO [34] interfaces. However, LAO/STO, the best
convertor in the dc range, has not been thoroughly studied in
the ultrafast regime [35], which is the aim of the present paper.

Our measurements are performed on a five unit cell
epitaxial layer of LaAlO; (LAO) deposited on top of
TiO,-terminated SrTiO; by pulsed laser deposition [8]. A
12-nm-thick permalloy (NiFe) layer (passivated with 3 nm
of Al) was then evaporated (in a different chamber) to pro-
vide spin injection through the LAO. The measurements
are compared to those on a CoggFe49B2o(5 nm)/Pt(3 nm) bi-
layer, a prototypical ISHE system known to be very reliable
at all timescales [26,29,34], making this system an ideal
standard reference. Here, we use rf spin-pumping by ferro-
magnetic resonance [36] (FMR), and light-induced ultrafast

emission of hot-carrier spin currents. The S/C conversion
efficiency is assessed by measuring built-in voltages across
the samples using simple electrodes for quasistatic approaches
and time-dependent terahertz spectroscopy for the ultrafast
regime [17].

The efficiency of the LAO/STO system is first mea-
sured in the quasistatic regime, at 10 K, by radio-frequency
spin-pumping experiments as shown in Fig. 1(a), where the
samples are excited by a microwave magnetic field at a fixed
frequency. Sweeping a dc magnetic field allows us to meet
the resonance condition, corresponding to a divergence of the
measured microwave absorption and leading to an exaltation
of the amplitude of the magnetization precession. There, the
angular momentum is absorbed and a dynamical nonequi-
librium spin population is pumped into the 2D electron gas
through the LAO [7,8]. We measure here the dc part of the
built-in S/C voltages across the samples, shown in Fig. 1 for
a rf excitation at 3.2 GHz. Experimentally the addition of
a slow modulated magnetic field enables a sensitive lock-in
detection so that the measured signals have the shape of a
Lorentzian derivative with respect to the dc applied magnetic
field. We subsequently fit these to extract all relevant param-
eters: amplitude, resonance field, and linewidth. The injected
spin current j2C is calculated through the FMR measurements
by the difference in damping with and without the 2DES
[5]. It depends on several parameters like the spin mixing
conductance, the microwave power, or the magnetization of
the ferromagnetic layer, which can all be extracted from the
FMR study. For our samples, we find Ms~ 1 T, and the
damping parameter onire/2pEs = 1 X 1072, Comparing this
value with our reference sample (anipe = 7 X 10~%), one can
retrieve the spin mixing conductance (G4 ~ 107 m=2) and
the effective spin current density (j2° = 3 x 105 Am~2). We
would like to underline here that this procedure is question-
able for IEE because spin/orbital carriers can participate in
charge conversion without losing their angular momentum.
Hence, the spin/orbital polarization in the 2DES is not purely
determined by the increase of damping and it is likely that
intrinsic damping itself has some relevance in the process.
Nevertheless, we adopt here the conventional vision (it does
not change the point of this paper) and from the calculated
j?P and j3P, we extract Ajgg that is found to be tunable from
Algg = 2 nm near 0 V to a sharp maximum Apg = 6 nm at
Ve =200V, as shown in inset of Fig. 1(b) and in Ref. [9]. This
very high value is comparable to that reported in the literature
[7,8,11] and over one order of magnitude higher than that in
the Ag/Bi interface Ajgg = 0.3 nm [5,6].

Now, we address the S/C conversion of our LAO/STO
system in the THz frequency range. In this experiment, laser
pulses at 800 nm (1.54 eV) with 150 fs duration are supplied
by an amplified Ti-sapphire amplifier at a 1-kHz repetition
rate. The absorption of the femtosecond pulse leads to the
ultrafast demagnetization of the NiFe layer [26] triggering a
burst of spin current injected into the 2DES and whose conver-
sion into charge leads to the emission of the electromagnetic
radiation at THz frequencies [29]. The signal is measured in
the 300 GHz-3 THz range using electro-optic sampling in
a 0.5-mm-thick (110) ZnTe crystal in air (see details of the
experimental setup in [34]). The signals from NiFe/LAO/STO
are directly compared with those from the CoFeB/Pt used
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FIG. 1. (a) Spin pumping at 3.8 GHz for CoFeB(5)/Pt(3) in blue and at 3.2 GHz for SrTiO;/LaAlO;/NiFe(12) in grey (divided by 10),
with their respective fits. The latter is at 10 K and with 200 V of back-gate voltage. After integration and fitting, the conversion efficiency of
NiFe(12)/LaAlO;/SrTiOs is about ten times greater than that of CoFeB/Pt. The inset of (b) shows the back-gate voltage dependence of the

effect (see Ref. [9]).

for comparison in the spin pumping experiment discussed
above. In addition, THz emission from the LAO/STO sam-
ple was measured at variable temperature with an applied
back-gate voltage. Note that all the THz responses have been
measured for a pump fluence below 0.5 mJ/cm?, where their
amplitude scales linearly with the incident density of optical
energy.

Figure 2 shows the time-resolved magneto-optical curve
along with the induced THz signals from the LAO/STO sam-
ples. The emission amplitudes in Fig. 2(c) are taken relative
to that of a CoFeB(5 nm)/Pt(3 nm) sample. Therefore, the
response in the picosecond range has lost about four orders
of magnitude compared to the quasistatic one. This falls in
the range of the emission from a pure ferromagnetic layer, as
corroborated by a comparison with a sample where LaAlO3
is grown on top of SrO terminated SrTiO; where the 2DES
is not formed [37]. The absence of 2DES was also verified
before depositing the NiFe injector, as the SrO-terminated
sample is not conducting whereas the TiO,-terminated sample
shows the characteristic room-temperature sheet resistance of
a few k2 [12]. Nevertheless, the measured THz emission from
SrO and TiO; systems are roughly equivalent in amplitude, as
shown in Fig. 2(b). This indicates that the ultrafast S/C conver-
sion is likely to come from the ferromagnetic NiFe (including
its interfaces with Al and LAO). From Fig. 2(b), one can note
that the exact emission shape is different between the two
samples which suggests that the 2DES contribution is proba-
bly opposite to that of the LAO/NiFe/Al and of a similar order
of magnitude. This is confirmed by the weak temperature de-
pendence visible in Fig. 2(c) where room temperature (black
line) and 10 K with 200 V back-gate voltage applied (grey
line) signals are rather similar. This is also consistent with the
absence of back-gate dependence shown in Fig. 3(a), contrary
to what is observed in the quasistatic range [Fig. 1(b)]. In
addition, the spectral contents are also very similar [Fig. 3(b)].
One can possibly notice a slight shift towards higher fre-
quencies for the SrO-terminated sample, suggesting that the
2DES emission contribution spectra is skewed towards lower
frequencies.

Such a huge difference in efficiency between ISHE
and IEE emitters at subpicosecond timescales has to stem
from the conversion mechanism itself. The ISHE relies on

extrinsic, impurity scattering, and intrinsic mechanisms linked
to the orbital momentum of the bands themselves [2,3,38].
The extrinsic contributions stem from spin-orbit coupling
during scattering events leading to asymmetric skew and side-
jump scattering from impurities. As electronic velocities in
heavy metals (like Pt) only depend marginally on the electron
energy for states close and well above the Fermi level, the
ISHE mechanism is robust for high- and low-energy spin
carriers. Therefore, the mechanism is as efficient for spin
pumping, where spin excitations take place very close to
the Fermi level, as for ultrafast demagnetization phenomena,
where the electronic energy distribution can be rather broad,
band structure dependent, and even structured [24,39]. It was
actually reported to spread up to about 1.5 eV from the Fermi
level in the early stage of the optical excitation, with a typical
center weight of around 0.2 eV for thermalized carriers at rel-
evant timescales [39]. This is potentially a huge drawback for
IEE systems for which the effective Rashba split bands occupy
well-defined energy levels. Because of this spread in energy,
several bands can potentially simultaneously participate with
different signs for the S/C conversion. Their existence has
been demonstrated in LaAlO3;/SrTiO3;, where the back-gate
voltage allows one to scan the different bands involved in the
conversion [7]. Another important parameter has to be consid-
ered here as the LaAlO3/SrTiO3 2DES has a spin relaxation
time two orders of magnitude larger than that in metals. This
property, which has been coined to explain the efficiency of
the dc S/C conversion effect [8], could be a disadvantage
for an efficient THz response. We will try here to scruti-
nize in some detail the quantitative effects of these different
mechanisms.

We build here a toy model to estimate the effect of two
key timescales associated to the energy relaxation of the
carriers carrying angular momentum and the spin lifetime
in the 2DES. We start by considering that the process of
demagnetization and remagnetization creates a short-lived
non-equilibrium magnetization M(¢) during which some an-
gular momentum is transferred to the underlying electrons
existing in the 2DES at the LAO/STO interface. The transfer
mechanism is likely to rely on tunneling of the unbalanced
spin population through the LAO barrier [40]. The complete
process of “tunneling spin galvanic effect” is rather complex

054412-3



ANAS EL HAMDI et al.

PHYSICAL REVIEW B 110, 054412 (2024)

®) 800 nm pump
400 nm probe % i
Al
NiFe

LAO
2DES

STO
Au

THz emission

Time-resolved
MOKE

b

(b)

100 [ °

951

851

AM/Ms (%)

Data b
) s — Fit, Ip = 0.24ps, TR = 3ps

©

Eryz amplitude (arb. units)

. \_ ./.\..”'v-'\~ ..v.
W N

SrO-terminated, 300K
- TjO,-terminated, 300K, 0 V
- TiO,-terminated, 10K, 200 V

Time delay (ps)

3 4 5 6
Time delay (ps)

FIG. 2. Ultrafast measurements. (a) Setup schematics where an 800-nm pump pulse impinges on the top of the bilayer and the THz
radiation is collected from the same side, in a specular geometry. A 400-nm probe is also used in reflection for magneto-optical Kerr effect
(MOKE) measurements. (b) Time-resolved MOKE showing the demagnetization/remagnetization process of the NiFe along with the fits using
two decreasing exponential functions. (c) The THz wave form recorded for the NiFe(12 nm)/LaAlO;(5u.c.)/SrTiO3 sample is measured at
a temperature of 300 K (black) and at 10 K under 200-V back-gate voltage (grey). The raw signals are multiplied by the value indicated on
the curves for a quantitative comparison to that of the CoFeB(5 nm)/Pt(3 nm) emitter at room-temperature (taken equal to 1). This is also
compared to an equivalent sample (dotted, red) where the 2DES is absent (LAO is grown on top of a SrO-terminated SrTiOs3).
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FIG. 3. (a) Back-gate dependence of the emitted THz signals: the values are differences between the two extrema of the bipolar responses
from individual THz emission curves as in Fig. 2(c), measured for every back-gate voltage. No back-gate dependence is detected, in sharp
contrast with the dc measurements (Fig. 1), showing a significant variation with a maximum at 200V. (b) Fast Fourier transform showing a
global similar spectral content for all LAO/STO systems (the oscillations are due to absorption from the water in air).
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FIG. 4. Left panel: Time profile of the spin galvanic current J(¢) for different values of the 2DES spin relaxation time: t,/7; = 1, 3, 12,
and 40 taking 7; = 0.25 ps, 1, = 127; = 3 ps, and 1, /7; = O (blue curves), as well as curves with different values of the 2DES inelastic
relaxation time: 7,_p, = 0, 5, 10, 100 ps, taken for ; = 0.25 ps, 7, = 127y = 3 ps, 7, = 40 7; = 10 ps (red dashed lines). Right panel: Fourier
transform of the time profiles. It is seen that a long 2DES spin relaxation time of 10 ps shifts the main Fourier component to lower frequencies
thus diminishing the S/C conversion at 1 THz by a factor 70. Another two orders of magnitude are lost by considering the inefficiency of the

conversion for hot electrons, before their relaxation via inelastic scattering.

and a microscopic theory in the steady state is presented in
Ref. [41]. Not entering into details, we admit here that a
nonequilibrium spin polarization 85y is created in the 2DES
on the scale of the very short spin relaxation time in NiFe
during laser-induced ultrafast demagnetization [Fig. 2(b)]. It
is common practice to fit this behavior using two decreasing
exponentials with characteristic times t; and 7,, accounting
for the demagnetization and the remagnetization processes in
the form

M(t) = My[1 — 0(t)(e™"/™ — e7'/™)], (1

with 0(¢) the step function. At every instant the spin trans-
ferred per unit time to the LAO/STO 2DEG is proportional to
the time derivative of M:

(1) =AdM (1)/dt = AMuO(t)[e /" Jtr; — e/ /1] (2)

with A a constant accounting for all complex transfer mech-
anisms through the tunnel barrier. This spin injection rate
is counterbalanced by the dissipation of angular momentum
through a typical spin relaxation time 7 leading to the rate
equation for the nonequilibrium spin accumulation in the
2DEG:

8 L ro. 3)

A

988 =

7, can have different origins including Elliott-Yafet (tgy)
and Dyakonov-Perel (tpp) mechanisms, as well as the es-
cape time of the 2DES electrons through the LAO tunnel
barrier (t;). In LAO/STO, the latter is the shortest because
the 2DES is a very clean system (tppry > 72) [12,17].
Thus, one has t; ~ 7, which is usually much greater than
71 and of a similar order of magnitude as the remagnetiza-
tion time 7. This influences the spin accumulation stemming
from the spin pulse (demagnetization and then remagnetiza-
tion), whose expression can be obtained by a sequence of

Fourier-transforms:

1 1
r =AM, — 4
(@) 0{(1’0)1’1 -1 (iwt — 1)}’ @)
5S(w)= — —2 ()
1 —iwtg
—1
=AMy} —
(%Jr Tla))(ia)tl 1
1
+ - , (5)
(— + rza))(ia)rg -
and
e/t _ ot/ et/ _ o=t/
5S(t)=AM0‘CS{|: i| — [ i“@(l‘)
T — T Ty — Tg
(6)

This is therefore the time dependence of the spin polarized
population inside the 2DES. Its profile §S(z) is shown in
Fig. 4(a) for the following values of the relevant parameters:
AMy=1,71 =0.25ps, 1, = 3ps = 1274, 7, = 10ps = 407,
and for different ratios between spin relaxation and demag-
netization times. It can be seen in Fig. 4 that accounting for
the different timescales already decreases the amplitude of
the response by a factor 50 while also shifting it to lower
frequencies. Indeed as t, increases, the spin accumulation
progressively departs from a dM(t)/dt behavior and tends
towards a M(¢) dependence as can be seen directly in the rate
evolution Eq. (3). This slows down the process, resulting in a
different frequency fingerprint and a 50-fold loss of amplitude
at 1 THz. Although this is already significant, it cannot fully
explain the four orders of magnitude loss observed in the
measurements and another physical effect must be at play.
We suggest here that because this nonequilibrium spin
polarization S(¢) is due to hot-electron injection from the
FM, it cannot be straightforwardly converted into a charge
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current via the spin galvanic effect, since such electrons are
away from the Rashba-effective energy region of the 2DEG.
We postulate here that the spread in energy leads to a very
inefficient conversion until the angular momentum carrying
entities relax in energy close to the Fermi level. This is very
slow in the LAO/STO system [42] because the #), splitting
imposes several interband transitions before reaching the final
state. Furthermore, hot carriers form polarons in highly polar
STO which drastically reduces relaxation times [43]. This
phenomenon is absent in metallic structures like NiFe/Bi/Ag
or CoFeB/MgO due to the small polarizability of the lattice.
As a result, apart from a small intraband contribution in the
2DES [42] (giving a Drude contribution below 5 ps), the
carrier relaxation time exceeds 100 ps. As this is larger than
the escape time through the tunnel barrier, the majority of
electrons in the 2D gas are very likely spread in energies
within ~1 eV above the Fermi level. This is of course prob-
lematic for the conversion into charge as hot carriers also have
to relax in energy without losing their angular momentum in
the process. In order to assess the induced efficiency loss,
we assume that the “useful” nonequilibrium spin polarization
from low-energy electrons is

8S(1) = [1 — e7/%™158(t)

with 7,_p, the effective inelastic electron-phonon relaxation
time taking into account all aforementioned slow processes.
The expected spin galvanic current will then be I(¢) ~
ardS(t), with ag the effective Rashba constant. Figure 4
plots the ratio between this current (normalized by that for
CoFeB/Pt) and the expected dc conversion (also normalized
by that for CoFeB/Pt in the dc regime) for different values
of T,_pn (note that this normalization with our “standard”
CoFeB/Pt introduces an extra division by ty).

This has two effects. The first one is a dramatic decrease
of signal amplitude as the angular momentum is lost while
electrons are still not thermalized (and form self-trapped po-
larons), thus leading to a huge waste of conversion efficiency.
Moreover, because hot electrons are known to enhance inelas-
tic tunneling through oxygen vacancies in STO [44], it is very
likely that this process decreases the escape time and does
not conserve the angular momentum of the charge carriers,
reinforcing again the inefficiency of hot electron transport.
The second effect is a shift of the spectral content of the
conversion current to lower frequencies, thus escaping further
the THz band and the lower limit of our detection. Figure 4
shows that it is easy to lose three orders of magnitude taking
reasonable parameters for the LAO/STO system. We point out
here that the exact line shape of the 2DES contribution should

indeed be smoother than that measured [see Fig. 4(a)] but it
is filtered out by our detection and hidden by the dominant
signal directly from the ferromagnetic layer.

In conclusion, we have experimentally demonstrated the
drastic decrease in the efficiency of the IEE spin-to-charge
conversion mechanism between quasi-DC and subpicosecond
timescales in the LAO/STO system. This effect is explained
by the energy-dependent splitting of the Rashba bands [32]
associated with the slow thermalization of the injected hot
angular momentum carriers. The long spin lifetime in the
2DES also participates in the inefficiency of the LAO/STO
system for THz emission. To optimize THz emission, one
should therefore seek large Rashba coefficients and low re-
laxation rates, i.e., largely split interface states in metals, like
Bi/Ag vs LAO/STO. More generally, while THz emission can
be reliably inferred from the dc behavior of ISHE materials
for which spin dependent scattering is similar for hot and
cold carriers, band structure calculations complemented by
the time-resolved hot carrier distribution and relaxation are
necessary to quantify the particular behavior of IEE systems.
Moreover, we underline here that there is no conceptual differ-
ence between spin and orbital angular momentum conversion,
so that the phenomenology developed here should be applica-
ble to all IEE systems (even if orbital to charge conversion
dominates as in LAO/STO [9]). We also suggest that the
efficiency of THz emission could be optimized by adapting
the Rashba splitting to the energy distribution of charge and
spin carriers at the subpicosecond timescales.
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