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ABSTRACT

Spin/charge interconversion mechanisms provide an essential handle to generate and detect spin currents. Their applications at different
timescales are critical in spintronics since they cover a technologically relevant broadband spectrum. While the inverse spin Hall effect is
known to be robust from quasi-static to sub-picosecond timescales, the conversion efficiency evolution of the inverse Edelstein effect has not
been addressed yet. In this work, we report that while the quasi-static response of the inverse Edelstein effect can be comparable to that of
the most efficient inverse spin Hall systems, a drastic drop of efficiency is observed in the terahertz (THz) regime. This behavior at the
sub-picosecond timescale is qualitatively understood from the dependence of the inverse Edelstein effect on the energy distribution of
spin-carrier entities, which is different between thermalized carriers in the quasi-static regime and hot carriers generated by light pulses. This
finding is supported by the pump-laser wavelength dependence in the THz regime for the inverse Edelstein effect, which offers a promising

route for tunability of spintronic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0144645

Writing, storage, processing, and reading of information encoded
in electronic spins are the fundamentals of a broad and active field of
research: spintronics.' Its essence mainly relies on the concept of
transport and flow of spin angular momentum. Such “spin current” is
conventionally carried by conduction electrons experiencing spin-
dependent scattering, leading to important effects, such as magneto-
resistance and spin-transfer torque. The latest developments in the
field aim to decorrelate the spin flow from the electronic charge cur-
rent, leading to the concept of “pure” spin current, where the spin
information is transported without its charge counterpart. The local
manipulation of spin information at the nanoscale promises a tremen-
dous reduction in Joule heating as no electrical charge is transported.
Moreover, spin currents can be handled on extended time scales rang-
ing from quasi-static manipulation down to a few tens of femtosec-
onds. Indeed, transport of spin angular momentum by light-induced
hot electrons has been put forward as a key mechanism”* in ultrafast
magnetization dynamics.”” This is of great potential for information
processing in the picosecond regime with minimum energy consump-
tion. Therefore, the terahertz (THz) frequency range (from 0.1 to

10 THz) is strategically important to tackle the upcoming challenges of
tomorrow’s information and communication technologies.”

Whenever pure spin currents are involved, their efficient conver-
sion into measurable electric currents or voltages is essential. There are
several spin/charge (S/C) interconversion mechanisms, all based on
the spin-orbit interaction. Nowadays, the most emblematic one is the
inverse spin Hall effect™'” (ISHE), present in conductors with large
spin-orbit coupling, such as Pt or W. It is weak in 3d ferromagnets
that possess a much smaller spin-orbit interaction than, e.g., 5d met-
als, whereas another spin-orbit scattering effect, called the anomalous
Hall effect'’ (AHE), generally takes place. More recently, a distinct
mechanism based on the Rashba effect, known as spin galvanic or
inverse Edelstein effect (IEE),'” '” has been used for spin-to-charge
conversion. It relies on the locking between momentum and spin of
conduction electrons in a two-dimensional state subjected to a strong
built-in electric field. The Rashba Hamiltonian splits an ideal parabolic
band into two sub-bands with opposite chiral spin structures.
Pumping a dynamical spin population in such a system generates a
transverse electrical current, thus acting as a S/C convertor.'®
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One of the latest breakthroughs in spintronics and THz technolo-
gies is the combined use of ultrafast hot electron transport and S/C
conversion mechanisms. During light-induced demagnetization pro-
cesses, bursts of angular momentum are emitted by hot electrons™*
and their conversion into sub-picosecond electrical transients acts as
the source of THz radiation.'” Older pioneering works already dis-
cussed the intrinsic THz emission of pure ferromagnetic layers'® or
related to magnetic and surface nonlinearities.'” These small signals
can now be further amplified by adding an efficient spin-to-charge
converter,”’ to an extent that these magnetic heterostructures can
compete with optical rectification in ZnTe,”' GaP, and InP.”* These
potentially agile and efficient THz spintronic emitters'*’ represent
the first technological implementation of femtosecond spin current
bursts. Compared to polar semiconductors, such spintronic emitters
require no phase matching and allow for a direct control of the polari-
zation of the THz pulse. This new field of research is booming, and
extensive work is devoted to improving and tailoring the THz emis-
sion'” to extend the frequency range, increase efficiency, and add
functionalities.

As of today, a quantitative comparison of the efficiency of the
ISHE from DC to ultra-fast regimes has been addressed,” but despite
the increasing number of published reports, IEE*"** remains fairly
unexplored. In particular, one of the striking features of the IEE is the
energy-dependent chiral band splitting,”*”” affecting S/C interconver-
sion rates. Therefore, when the effect is optimized for processes located
at the Fermi level, nothing guarantees that it shall also work for hot
electrons. This simple observation calls for a quantitative comparison
of IEE effects at different timescales taking ISHE as a reference, which
is the object of the present study.

The selected samples employed to answer this question are made
of a CoyoFeq0B,o layer covered by either a 3nm thick Pt or a 6nm
thick MgO layer, deposited on float glass and silicon substrates. The
samples’ magnetization was saturated with a 200 Oe applied field, as
the static coercivity of the samples do not exceed 50 Oe. The reference
CoFeB/Pt bilayers are known to be an efficient ISHE S/C as Pt hosts
significant spin Hall effects.'*'”> The CoFeB/MgO bilayers possess
Rashba split localized states within the CoFeB layer at the interface
with the MgO layer, which act as an IEE S/C, as previously described.””
CoFeB, MgO, and Pt are grown in the same sputtering chamber
(Singulus) in the same batch. The exact thickness of each layer has
been measured using x-ray reflectivity, and their roughness is found
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below 1 nm. Magnetization measurements were also carried out using
vibrating-sample magnetometry and corroborated by ferromagnetic
resonance (FMR). To quantify the dynamics of S/C mechanisms, our
measurements focus on the injection of spin at various time scales as
well as at different carriers” energies. This includes quasi-DC radio fre-
quency (RF) spin-pumping™ via ferromagnetic resonance (FMR)
combined with ultrafast emission of hot carriers’ spin currents through
ultrafast demagnetization. FMR is a standard technique for probing S/
C at quasi-DC frequency range when the carriers are thermalized. In
our experiment, the samples are excited by a microwave magnetic field
at a fixed frequency of 3.2 GHz injecting the spin current in the longi-
tudinal direction [see Fig. 1(a)]. The FMR signal was recorded as a
function of the DC magnetic field strength. In addition, we used a
slow modulation of the magnetic field to enable sensitive lock-in detec-
tion, resulting in the measurements of derivatives of FMR and S/C
conversion signals with respect to the magnetic field. While the net
FMR signal has AC and DC components,”" only the DC conversion
signal is detected in this work.

To assess the efficiency of S/C conversion in the ultrafast regime,
we perform time-dependent terahertz spectroscopy. In this experi-
ment, we use laser pulses at 800 nm with a 150 fs duration, which are
generated by an amplified Ti-sapphire laser at a 1 kHz repetition rate.
The 400 nm pulses were generated by doubling the frequency of the
fundamental laser wavelength. The absorption of the femtosecond
laser pulse by the ferromagnetic layer and its ultrafast demagnetization
(addressed in Note 6 of the supplementary material) generates a burst
of spin current, which is then converted into charge through the S/C
process and leads to the emission of pulsed radiation at THz frequen-
cies.'” The emitted terahertz (THz) radiation is measured using
electro-optic sampling in a 0.5mm thick (110) ZnTe crystal in air.
The response function of the ZnTe detector and the duration of the
probe pulse limit the THz detection to a range from 300 GHz to
approximately 3 THz (see Note 1 in the supplementary material). Due
to the frequency-dependent absorption of the THz radiation by the
float-glass substrate, the samples were re-grown on high-resistivity
silicon substrates (see Note 2 in the supplementary material). Note
that all THz responses were measured at a pump fluence below
0.5 mJ/cm?, where the amplitude of the detected THz signals is directly
proportional to the incident density of optical energy. The THz signals
presented in this work were recorded under equal photoexcitation of
the ferromagnetic layer and were normalized by the impedance of the
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FIG. 1. (a) Schematic representation of
the FMR/spin-pumping experimental con-
figuration. (b) Raw measurements of the
Spin—charge voltages at 3.8GHz for
CoFeB(5)/Pt(3) in blue and CoFeB(5)/
MgO(6) in red with their respective fits.
After integration and fitting, CoFeB/Pt and
CoFeB/MgO conversion efficiencies are of
the same order of magnitude.
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respective sample (see Note 3 in the supplementary material). For the
THz-emission experiments at 400 and 800nm wavelengths, the
absorbed optical fluence inside the ferromagnetic layer was kept con-
stant (see Note 4 in the supplementary material).

First, radio frequency spin pumping experiments were carried
out as shown in Fig. 1(a). The ferromagnetic resonance of the mag-
netic layer was recorded at 3.2 GHz as a function of the sweeping DC
magnetic field. When the resonance condition of the CoFeB is met,
angular momentum is absorbed, and a dynamical non-equilibrium
spin population can be pumped into a nearby layer or can be accumu-
lated at the interface with an insulator. We then measure the built-in
transverse voltages across the samples resulting from the S/C conver-
sion (as described in Ref. 29), as shown in Fig. 1(b). Built-in DC vol-
tages across the CoFeB(5)/MgO and CoFeB(5)/Pt samples follow the
FMR resonances for the same magnetic field/frequency conditions.
We subsequently fit the line shapes to extract all relevant parameters:
amplitude, resonance field, and linewidth. From Fig. 1(b), it is clear
that CoFeB/Pt and CoFeB/MgO bilayers generate S/C voltages of the
same order of magnitude. After signal integration and corrected by
appropriate prefactors, such as the resonance bandwidth, one finds
that Pt is only 60% more effective than MgO. This is consistent with
our previous results,” and it underlines the presence of a Rashba elec-
tronic state at the CoFeB(5)/MgO(6) interface.”’

We now extend the investigation to the ultrafast timescale by
comparing the S/C conversion of the different systems in the THz
frequency range. The symmetry of the ISHE and IEE effects in CoFeB-
based bilayers is addressed by flipping the samples:” for a fixed direc-
tion of the external magnetic field H, we are only changing the pump
pulse propagation and spin-polarized current injection direction rela-
tive to the bilayer geometry. The measurement setup is schematized in
Fig. 2(a).

As a first important result, Fig. 2(b) (red and orange curves)
shows that the CoFeB/MgO samples produce a THz signal that is one
to two orders of magnitude lower than ISHE bilayers, in stark contrast
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to the RF spin pumping measurements [Fig. 1(b)]. For the Pt-based
emitters [green and blue curves in Fig. 2(b)], the shape, symmetry, and
spectrum of the THz signals are unchanged by the CoFeB thickness,
confirming the robust ISHE nature of the S/C mechanism in Pt. In
particular, this shows that possible S/C mechanisms in the bulk of FM
film are much less efficient than the ISHE in Pt. In contrast, the small
emitted THz signals for the MgO-based samples and their thickness
dependence indicate a competition between bulk and interface effects,
not observed in RF spin pumping. Aside from direct ultrafast demag-
netization contributions, **” ultra-fast angular momentum transport
taking place inside the ferromagnetic layers can also induce significant
contributions to the measured THz signals. Indeed, both spins and
charges can diffuse (ballistically or not) under the action of tempera-
ture gradients as described through the Seebeck™® and longitudinal
spin Seebeck effects.”” Even in insulators, these processes appear on
the timescale of thermalization of the photoexcited electrons toward a
Fermi-Dirac distribution. As a result, transverse voltages due to ultra-
fast anomalous Nernst effects or ISHE within the CoFeB generate THz
bursts with a symmetry depending on the direction of transient tem-
perature gradients. Therefore, these effects scale with FM thickness
and are influenced by light absorption profiles, whose gradients can
define the direction of the flow of photoexcited hot carriers in sym-
metric structures. Our measurements actually show that for the 20 nm
thick CoFeB/MgO, flipping the sample does not reverse the sign of the
THz emission [orange curves in Fig. 2(b)] and does not significantly
affect the THz spectrum. This evidences that bulk S/C conversion pro-
cesses dominate in the 20 nm thick CoFeB/MgO, as their direction is
simply imposed by the instantaneous light absorption gradient (inde-
pendently of the sample orientation with respect to the pump pulse
propagation direction). On the other hand, the sign change for the
CoFeB(5)/MgO(6) bilayer [red curves in Fig. 2(b)] clearly indicates
that the S/C contribution from the bulk of the FM layer is not domi-
nant (but may still be present) in this sample. The interfacial S/C
mechanism in CoFeB(5)/MgO(6) is therefore the major effect, with

Sio, CoFeB  MgO or Pt MgO or Pt__CoFeB
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FIG. 2. Ultrafast THz emission measure-
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800 mpump |~ | THz pulse 800 nm pump |7 THz pulse time domain spectroscopy experimental
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the same symmetry as for the ISHE in CoFeB/Pt samples.
Importantly, the reversal of the CoFeB(5)/MgO(6) pumping direction
is also accompanied by a significant change in the emission spectrum
[red solid and dashed lines in Fig. 2(c)], indicating that multiple com-
peting S/C conversion mechanisms (bulk contributions vs interfacial
IEE conversion) have different temporal characteristics.

We now aim to modify the injected hot carrier distribution by
changing the pumping photon energy using 400 and 800 nm wave-
lengths. Again, we compare the interfacial IEE system of the
CoFeB(5)/MgO(6) sample to the ISHE system CoFeB(5)/Pt(3). For a
comparable light absorption profile and absorbed optical fluence in
the 5nm thin CoFeB layer, the change of pump wavelength should
mainly affect the excited hot electron energy distributions. We observe
that the ISHE emitter CoFeB(5)/Pt(3) remains insensitive to the
change of pump wavelength, leading to an identical THz spectrum,
shown in Fig. 3. This measurement is consistent with the literature.”
On the other hand, both shape and spectrum of the emitted THz pulse
is quite different for the CoFeB(5)/MgO(6) sample when changing the
pump pulse photon energy. Interestingly, the broadening of the
detected THz spectrum, when pumped with the 400 nm radiation,
indicates a faster S/C conversion and suggests an energy-dependent
spin-carrier relaxation rate, characteristic of the Rashba interface pre-
sent in the CoFeB(5)/MgO(6) bilayer.

Our THz emission experiments also demonstrate that the CoFeB/
MgO system exhibits a one to two orders of magnitude smaller ultrafast
S/C signal whatever the CoFeB thickness. Moreover, only the
CoFeB(5)/MgO(6) signal is consistent with the presence of an interfa-
cial IEE S/C mechanism. Very interestingly, the spin—charge conversion
characteristics of the CoFeB(5)/MgO(6) bilayer show a strong depen-
dence on the energy of the incident pumping radiation, as well as a
drastic gain of S/C efficiency in the quasi-static spin-pumping regime.
Such a huge difference in S/C conversion rates for ISHE and IEE emit-
ters between quasi-DC and sub-picosecond timescales has to stem
from the S/C mechanism itself, as the spin transparency is perfect for
the CoFeB/MgO systems where the Rashba state is localized inside the
ferromagnet.” It is known that the ISHE relies on extrinsic, impurity
scattering, and intrinsic mechanisms linked to the orbital momentum
of the bands themselves.”'*”” The extrinsic contributions stem from
spin—orbit coupling during scattering events leading to asymmetric
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skew and side-jump scattering from impurities. As electronic velocities
in heavy metals (like Pt) only depend marginally on the electronic tem-
perature above the Fermi level, the ISHE mechanism is robust for high-
and low-energy spin carriers during the laser-induced magnetization
changes.

In contrast, the band structure dependence of the IEE mecha-
nism can be detrimental to the ultrafast S/C conversion, given that
most well-known Rashba interfaces are mainly split only close to the
Fermi level. Inside the ferromagnet, the energy distribution of the elec-
trons carrying angular momentum is indeed highly nonlinear and
band structure-dependent. It can, thus, be rather broad and even struc-
tured.” It was reported to spread up to about 1.5eV from the Fermi
level in the early stages of the optical excitation, with a typical center
weight of around 0.2eV for thermalized carriers at relevant time-
scales.”* In addition, several bands can potentially simultaneously par-
ticipate in the S/C conversion. In particular, first-principle calculations
for the CoFeB/MgO interface show that the Rashba splitting is linked
to specific bands relatively close to the Fermi level.””*" In this system,
two extra Rashba splittings of opposite sign may cancel at higher ener-
gies, and only electrons close to the Fermi level can contribute to an
efficient IEE S/C conversion. This energy-dependent averaging should
lead to reduced THz generation efficiency, which is consistent with
our measurements. In addition, the key role of the energy distribution
of the angular momentum-carrying electrons in the case of IEE S/C
conversion is perfectly illustrated by the pump wavelength-dependent
THz emission from CoFeB(5)/MgO(6), as shown in Fig. 3. Thus,
despite the observed loss of efficiency, the IEE systems may permit the
tuning of THz emission bandwidth by simply changing the incident
hot carrier energy, i.e., the wavelength of the exciting pump pulse.

In conclusion, we have demonstrated the drastic evolution of IEE-
based spin-to-charge conversion efficiency as a function of the carriers’
energy. While ISHE remains robust for both hot and thermalized spin-
polarized carriers, the dramatic loss of efficiency of the inverse
Edelstein systems was qualitatively explained by the energy-dependent
splitting of the Rashba bands™’ and by the possible differences in spin
lifetime of the hot and thermalized carriers. As a result, while THz
emission can be reliably inferred from the DC behavior of ISHE materi-
als, understanding the IEE systems requires band structure calculations
complemented by the time-resolved hot carrier distribution.

o
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Dashed - 400 nm excitation
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FIG. 3. Wavelength dependence of the emitted THz signals. The CoFeB(5)/MgO(6) sample, where the interfacial contribution is dominant, changes its emission spectrum with
incident wavelength, underlining the sensitivity of the interfacial S/C conversion mechanism to the hot electrons’ energy distribution in CoFeB(5)/MgO(6).
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Nevertheless, such added complexity of the IEE devices could be used
for a pump pulse wavelength-dependent modulation of the temporal
profile of the spin-current bursts and subsequent control over emitted
THz pulse spectrum and phase. Additionally, we propose that the effi-
ciency of THz emission could be greatly improved using materials
where the Rashba splitting is not exactly at the Fermi level, but better
adapted to the energy distribution of charge and spin carriers at sub-
picosecond timescales.

See the supplementary material for information about the calcu-
lated response function of the THz spectrometer, THz refractive indi-
ces of the Si and SiO, substrates, and THz and optical properties of
spintronic bilayers discussed in this work.
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