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Probing laser-induced spin-current generation in synthetic ferrimagnets using spin waves
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Several rare-earth transition-metal ferrimagnetic systems exhibit all-optical magnetization switching upon
excitation with a femtosecond laser pulse. Although this phenomenon is very promising for future optomagnetic
data storage applications, the role of nonlocal spin transport in these systems is scarcely understood. Using
Co/Gd and Co/Tb bilayers, we isolate the contribution of the rare-earth materials to the generated spin currents
by using the precessional dynamics they excite in an adjacent ferromagnetic layer as a probe. By measuring
terahertz (THz) standing spin-waves as well as GHz homogeneous precessional modes, we probe both the
high- and low-frequency components of these spin currents. The low-frequency homogeneous mode indicates a
significant contribution of Gd to the spin current but not from Tb, consistent with the difficulty in achieving
all-optical switching in Tb-containing systems. Measurements on the THz frequency spin waves reveal the
inability of the rare-earth generated spin currents to excite dynamics at the subpicosecond timescale. We present
modeling efforts using the s − d model, which effectively reproduces our results and allows us to explain the
behavior in terms of the temporal profile of the spin current.

DOI: 10.1103/PhysRevB.106.094436

I. INTRODUCTION

Over the past few decades, femtosecond (fs) laser excita-
tion of magnetic materials has led to the discovery of a rich
collection of physical phenomena. Among these, single fs
laser pulse all-optical switching (AOS) of the magnetization
in rare-earth transition-metal ferrimagnetic alloys [1,2] and
multilayers [3,4] appears to be especially promising for future
memory applications [5]. This phenomenon was shown to
arise from the transfer of angular momentum between two
magnetic sublattices [6]. In the same period the fs laser exci-
tation of spin currents, mobile electrons carrying spin angular
momentum, has been gaining significant interest from a fun-
damental perspective [7,8].

A particularly relevant use for these optically excited
spin currents exploits their ability to transfer angular mo-
mentum between two ferromagnetic layers. This was first
demonstrated in an experiment investigating the ultrafast laser
induced magnetization dynamics of two ferromagnetic layers
separated by a conductive spacer layer [9]. A diverse body
of research into optically generated spin currents has since
arisen [7,10–15]. In recent years, it has been shown that novel
device functionality can be achieved at the intersection of
AOS and optically excited spin currents. These works focus
on systems where an all-optically switchable ferrimagnetic
layer is separated by a spacer layer from a ferromagnetic layer.
Depending on the precise composition of the layers, either
the spin current coming from the ferromagnet can influence
the AOS process [16] or the ferromagnet can be switched by
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the spin current coming from the switchable layer [17–19].
This last case demonstrates the strength of the spin current
generated upon excitation of an all-optically switchable sys-
tem and begs the question to what extent this spin current
plays a role in the switching mechanism.

Although a great deal of AOS research has been performed
on Gd(Fe)Co and Co/Gd systems, recent research indicates
that Tb can be used as rare-earth (RE) component instead of
Gd [4,20]. However, in these works, AOS has been found only
for very specific layer thicknesses, a requirement which is not
present in layered ferrimagnets containing Gd [21]. Work by
Choi et al. has shown that spin currents generation in Tb is
significantly weaker than in Gd [22], hinting at an explanation
for the increased difficulty in attaining AOS. Here the accu-
mulation of spins at the far end of a thick conductive spacer
layer was measured, which can lead to a distorted spin current
profile due to diffusive electron transport [8]. Moreover, the
use of alloys makes it difficult to disentangle the spin current
contributions originating from different elements.

In this work, we systematically study spin current gen-
eration in synthetic ferrimagnets using the collective spin
precession they excite in a neighboring layer as a probe. The
basic experimental concept and the noncollinear magnetic
bilayers used in this work are sketched in Fig. 1(a). The
generation layers are synthetic ferrimagnetic bilayers, con-
sisting of Co which couples antiferromagnetically to either
Gd or Tb. Although these latter materials are paramagnetic
at room temperature in bulk, a ferromagnetic phase can be
stabilized when interfaced with a ferromagnetic material [23],
which decays exponentially away from the interface. Upon
laser excitation of the out-of-plane magnetized generation
layer, a spin current which is spin-polarized in the direction
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FIG. 1. (a) Schematic overview of the experiments, where the
effect of the generation layer composition on the response of the
absorption layer is sketched for each of the three studied configura-
tions (Co, Co/Gd, and Co/Tb). (b) Example magnetization response
calculated using the s-d model for Co and for Gd in a Co/Gd bilayer.
[(c) and (d)] Response of the absorption layer for each studied con-
figuration. Both (c) the homogeneous (Hext = 100 mT) and (d) the
first order inhomogeneous mode (Hext = 0 mT) are plotted, where
the latter is measured using complex MOKE.

of the local magnetization is excited and injected into a ferro-
magnetic absorption layer with in-plane magnetization. There
the spins exert a torque on the local magnetic moments and
excite both the homogeneous precessional mode [8,24] as
well as higher-order inhomogeneous spin waves [25,26]. By
extracting the phase, amplitude and frequency of the FMR
mode and THz spin waves, we indirectly study the absorbed
spin current [27], which is commonly expected to scale with
the time derivative of the magnetization (dm/dt), fulfilling
conservation of angular momentum [8,27]. In this framework,
these spin-wave parameters are directly proportional to the
corresponding parameters of the Fourier component of the
spin-torque pulse at the spin-wave frequency. Specifically,
we probe the phase of the precessional dynamics to investigate
the temporal profile of the spin current, and the amplitude
to study the spin-current strength and attenuation. Chang-
ing the thickness of the RE layer changes both spin-current
properties, which leads to significant variations in the mea-
sured parameters of the precessions. By measuring both the
homogeneous FMR mode (∼10 GHz) and the first-order inho-
mogeneous mode (∼0.5 THz), the spin current can be studied
on two distinct timescales, giving access to both the fast as
well as the slow components of the spin current separately.
We corroborate our experiments with an s − d model, which
treats local and nonlocal spin dynamics in a joint description
[28–31].

Our results on the FMR mode show a strong contribution
to the excited spin current from Gd, which is in line with

previous work [17,22] and confirmed by our modeling efforts.
In contrast, the THz mode cannot be efficiently excited by
Gd, hinting at the relatively slow nature of the spin current
contribution from Gd. In the Co/Tb system, both the FMR and
THz modes are found to vanish with only a slight addition of
Tb, indicating weak spin current generation in Tb but strong
spin absorption, consistent with the high spin-orbit coupling
(SOC) in this material. These results shed new light on nonlo-
cal spin dynamics in highly technologically relevant synthetic
ferrimagnets, and help elucidate the role of these processes in
all-optical magnetic data recording.

II. EXPERIMENTAL DETAILS

The noncollinear magnetic bilayer central to this work, as
sketched in Fig. 1(a), consists of an out-of-plane magnetized
Co/RE generation layer (where RE is either Gd or Tb)
and an in-plane magnetized Co absorption layer. Spin
transport between the two magnetic layers is facilitated by
a thin Cu spacer layer, which also serves to magnetically
decouple the layers. The samples are fabricated using
DC magnetron sputtering, where we vary the RE layer
thickness along the sample length to ensure consistency
between measurements. The full sample stack is given by
Si:B(substrate)/Ta(4)/Pt(4)/Co(1)/RE(X )/Cu(2.5)/Co(5)/
Pt(2.5) (numbers in brackets indicate the thickness in nm,
with X being the variable RE thickness).

We employ pump-probe spectroscopy to measure the mag-
netization dynamics upon laser-pulse excitation, using the
magneto-optical Kerr effect (MOKE) in the polar configura-
tion to probe the magnetization. The sample is placed in a
magnetic field with a variable angle of up to 20◦ with the
sample plane. A mode-locked Ti:Sapphire laser is used to
generate pulses at a repetition rate of 80 MHz and with a
wavelength of 780 nm. The pulse length at sample position
is approximately 150 fs. Both pump and probe pulses are
focused onto the sample with a spot size of approximately
16 and 8 µm2 , respectively, and the pump fluence is about
1 mJ/ cm2 . We use Complex MOKE to separate the magnetic
contrast of both magnetic layers [32]. To accurately determine
the absolute spin-wave phase in our experiments, the so-called
coherence peak is used, which arises at temporal and spatial
pump-probe overlap due to interference effects [33]. For more
details on the experimental setup, see Sec. I of Ref. [34].

III. EXPERIMENTAL RESULTS

As a first experiment, we investigate the general behavior
of the precessional dynamics for the three different generation
layer configurations [Fig. 1(a)]. In order to isolate the contri-
bution of the RE layers, in which the magnetization decays
exponentially away from the Co interface, their thicknesses
need to be chosen carefully. Previous work gives a typical
lengthscale of the magnetization decay in Gd of 0.45 nm [3],
with a similar value to be expected for Tb. In Figs. 1(c) and
1(d), we present typical measurements of the THz spin-wave
and FMR mode respectively for the three different gener-
ation layer configurations, namely Co(1), Co(1)/Gd(0.53),
and Co(1)/Tb(0.45). Our results show that the composition
of the generation layer significantly influences the spin-wave
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FIG. 2. (a) Measured FMR mode (Hext = 100 mT) for several Gd thicknesses, fitted with a damped cosine function. The orange dashed
line indicates the FMR phase shift and the thickness calibration is discussed in Sec. I of Ref. [34]. [(b) and (c)] FMR phase as a function of Gd
(b) and Tb (c) thickness. [(d) and (e)] FMR amplitude as a function of Gd (d) and Tb (e) thickness, normalized to the amplitude without RE
layer for both datasets. The orange solid line in (b) and (d) represents the modeled behavior using Eq. (1), and the black solid line in (d) is a fit
with an exponential function.

behavior, specifically the amplitude and phase. To better un-
derstand this observation, we show representative modelled
traces (see Sec V of Ref. [34]) of the magnetization response
of Co and Gd upon fs laser excitation, in Fig. 1(b). The
precessional behavior can then generally be understood with
a simple picture where the generated spin current is assumed
to be proportional to dm/dt [8,27]. Considering the antifer-
romagnetic coupling between Co and Gd (or Tb), the spin
currents generated by the RE material and by Co should also
have the opposite sign. Therefore we expect that the polariza-
tion of the total spin current changes sign (Fig. 1(a)) when the
RE material becomes the dominant contributor, which could
explain the experimental observation of the large phase shift
of the FMR mode. However, no such sign change is observed
in the THz measurements, hinting at a less significant contri-
bution of the RE material to the subpicosecond spin current
dynamics. This is consistent with the expected magnetiza-
tion dynamics plotted in Fig. 1(b), which for Gd take place
on the timescale of multiple ps, leading to a relatively slow
spin current profile. Additionally, we find a strongly reduced
amplitude for precession excited with a Co/Tb generation
layer. This can be attributed to strong absorption of the spin
current generated in Co, consistent with the large SOC in Tb
[35,36], which has also been used to explain the relatively fast
laser-induced dynamics of Tb, as well as weak spin current
generation.

A. FMR mode

To get a better understanding of the observed behavior, we
systematically measure both the FMR and THz mode as a
function of the Gd and Tb thickness in the generation layer.
First we discuss the results on the FMR mode, of which we
show a selection of measurements for a Co(1)/Gd(X) genera-

tion layer in Fig. 2(a). To extract the phase and amplitude of
the FMR mode, these measurements are fitted with a damped
cosine function, indicated by the solid black lines, where the
frequency is shared between all datasets.

We first discuss the FMR mode phase, of which we already
observe a shift as a function of Gd thickness in Fig. 2(a),
as indicated by the dotted orange line connecting the shifted
maxima of the fits. The phase we extract from the fits is
plotted in Figs. 2(b) and 2(c) for Co/Gd and Co/Tb respec-
tively. With the addition of only 1 nm of Gd, a phase shift
of more than 130◦ is observed, whereas no consistent phase
shift is measured when adding Tb. This again indicates a
strong contribution to the spin current from Gd, but a small
to nonexistent contribution from Tb. For large thicknesses of
Gd, the phase remains constant, which can be explained by the
paramagnetic state further away from the Co/Gd interface.

Next, we focus on the amplitude of the FMR mode as a
function of RE thickness, which is normalized to the ampli-
tude for a pure Co generation layer and plotted in Figs. 2(d)
and 2(e) for Co/Gd and Co/Tb, respectively. This ampli-
tude has been corrected for changes in light absorption using
transfer matrix calculations [37], as described in Sec. II of
Ref. [34]. For Gd, an initial dip and successive rise of the
amplitude are observed, followed by a gradual decrease. This
behavior, in combination with the observed change of the
FMR phase can be captured in a simple toy model where we
assume the spin current contributions from Co and Gd excite
two spin waves with different amplitudes and phases, but with
the same frequency. As discussed previously, the Gd is mag-
netized due to exchange coupling with the Co, decaying at a
characteristic length scale λmag which determines its contribu-
tion to the total spin current. Furthermore, the addition of Gd
introduces a characteristic length scale λdiff over which spin
information is lost due to spin flip scattering events, known
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as the spin diffusion length. For now we assume that spin
diffusion is independent of the magnetic state of Gd. Writing
the phase difference δ between the two excited precessions
using Euler’s formula, the FMR mode can then be described
as

AFMR eiφ =
(

ACo − AGd eiδ
(

1 − e− tGd
λmag

))
e− tGd

λdiff , (1)

where ACo and AGd are the dimensionless amplitudes of the
precessions excited by the magnetic volume of Co and Gd,
respectively. These then result in a combined precession with
amplitude AFMR and phase φ. Expressions for these two pa-
rameters can be derived, as is shown in Sec. III of Ref. [34].
Now ACo = 1 can be fixed by normalization, and AGd = 3.2
and δ = −140◦ are chosen to match the maximum of the
amplitude and saturation of the phase, respectively. Within
these constraints, valid values for the remaining parameters
are found by manual adjustment, and are found to be λmag =
0.4 ± 0.1 nm and λdiff = 2.0 ± 0.2 nm. The amplitude of the
Gd-excited precession AGd, when corrected for the expected
equivalent magnetic thickness of Gd (0.45 nm), gives a Gd
contribution that is approximately 7 times larger per nm than
that of Co. A complete understanding of this difference is
outside of the scope of this work, but some factors of relevance
are the differences in magnetization, the amount of magnetic
moment lost during demagnetization, and the spin-wave exci-
tation efficiency, which will be discussed later. The value for
λmag closely matches the experimentally determined length
scale for the loss of magnetization in Gd of ∼0.45 nm [3].
We note that this length scale could also affect the rate of spin
flip scattering, such that the parameter λdiff might not provide
a full description. Fitting the data for the FMR amplitude for
thicknesses where Gd is expected to be paramagnetic (from
1.5 nm onwards) with an exponential function, indicated by
the solid black line in Fig. 2(d) results in a λdiff,Gd of 1.9 ±
0.2 nm, which has not been measured before to the best of our
knowledge. The close agreement between the two descriptions
indicates that the magnetic state is not very relevant for spin
flip scattering in these weakly magnetic systems.

The reasonable agreement between experiments and cal-
culations indicate that the most important elements of this
complex system are captured by this simple model. However,
the model can not capture the behavior we observe for a
Co/Tb generation layer, as plotted in Figs. 2(c) and 2(e). Here
we instead find only a rapid decrease of the amplitude with
the addition of Tb. This could indicate a very short diffusion
length λdiff for Tb, which precludes any statements about
the spin-current generation strength in Tb. We attribute this
discrepancy to a larger degree of scattering of the mobile elec-
trons in Tb due to the high SOC compared to Gd [36], leading
to a loss of the spin information over shorter length scales.

B. THz mode

We measure the THz spin-waves as a function of RE
thickness to investigate the spin-current generation on the
ps timescale, and show a selection of the measurements for
a Co/Gd injection layer in Fig. 3(a). Because THz mode
excitation takes place on the same timescale as laser-induced
demagnetization and spin-current generation, we disregard
the first 2 ps of the data, in accordance with Ref. [27].
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FIG. 3. (a) Measured THz mode for several Gd thicknesses, fit-
ted with a damped cosine function. The orange dashed line indicates
the spin-wave phase shift. (b) Spin-wave amplitude, orange line
indicates a solution of Eq. 1 using AGd = 0 and λdiff,Gd = 1.9 nm and
(c) frequency as a function of Gd thickness.

We again used a damped cosine function to fit the data,
indicated by the solid black lines, in order to extract the
spin-wave amplitude, phase, and frequency. At around 1 nm,
the signal-to-noise ratio is too low to extract spin-wave
parameters reliably. The amplitude of the spin waves, which
is plotted in Fig. 3(b), drops significantly with Gd thickness.
Contrary to the behavior for the FMR mode, no initial rise
of the amplitude due to a Gd contribution is observed. We
therefore show the expression for the amplitude derived
from Eq. (1) using AGd = 0 and λdiff,Gd = 1.9 nm as the solid
orange line in the figure, which is equivalent to an exponential
decay describing only the spin diffusion due to Gd. The good
agreement indicates that Gd is not actively contributing to the
excitation of the THz mode, which shows that this mode is
excited by the Co-dominated fast component of the generated
spin current [38]. This is further confirmed by the observation
that the spin-wave phase is independent of the Gd thickness,
as indicated by the orange dashed line in Fig. 3(a). The
same measurements are repeated for Tb and presented in
Sec. IV of Ref. [34]. No significant difference between the
THz spin-wave frequency and phase for the two materials
is observed, again confirming the dominant role of Co in
exciting these spin waves. However, a full analysis of the data
is complicated by a more rapid decrease of the spin-wave
amplitude with increasing Tb thickness, which could again
be attributed to high spin-flip scattering due to SOC.

Contrary to our measurements of the FMR mode we ob-
serve a significant decrease of the THz spin-wave frequency
for increasing Gd thickness, plotted in Fig. 3(c), which is
not predicted by our simulations (see Sec. VI of Ref. [34]).
In Sec. VII of Ref. [34], we discuss two mechanisms which
we believe could cause a frequency shift of the THz mode.
These consist of a growth related change of the exchange
stiffness [26,39], and coupling between the THz mode in the
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absorption layer and a ferrimagnetic exchange mode in the
generation layer [40]. These mechanisms predict the same
direction of the shift of the THz spin-wave frequency. In
Sec. VII of Ref. [34], we also discuss a possible role of the
so-called RKKY coupling between the layers. This coupling
might be present with a Cu spacer layer [41], but is not found
to significantly affect the behavior of the THz mode in our
system. However, a full understanding of the origin of this
frequency shift is beyond the scope of this work and requires
further research.

IV. s − d MODELLING

To better understand the mechanisms governing our ob-
servations, as well as the underlying physics in general, we
modeled the generated spin current in the synthetic ferri-
magnetic generation layer using an extension of the s − d
model [8,28–31,42,43]. This model describes the coupling of
local spins, in this case the 3d and 4 f electrons in the RE-
TM ferrimagnet, to a system of itinerant spins (s electrons).
The latter system includes diffusive spin transport, similar to
Refs. [8,30,31]. Dissipation of the angular momentum carried
by the itinerant electrons due to scattering events at interfaces
or defects is taken into account with a phenomenological
dissipation timescale. To model the experiments, we define
a discretized material system consisting of a ferrimagnetic
(Co/Gd) region and a nonmagnetic spacer layer (Cu). The
Co/Gd bilayer is modeled in a layered manner, where the
local Co and Gd concentration is sampled from a function
that represents an intermixed transition from pure Co to Gd,
similar to Ref. [44]. This process is discussed in Sec. V of
Ref. [34]. Furthermore, the absorption layer is implemented
as an ideal spin sink connected to the spacer layer, which is
a valid assumption considering the experimental absorption
layer thickness of 5 nm and the transverse spin diffusion
length in Co of approximately 1 nm [26]. This allows us to
calculate the absorbed spin current for varying composition of
the Co/Gd layer. Using a linearized Landau-Lifshitz-Gilbert
equation, including the antidamping spin-transfer torque ex-
erted by the absorbed spin current, we calculate the absolute
phase shift of the excited homogeneous precession. Although
the used model includes multiple assumptions that disqualify
any precise quantitative statements [34], it gives a complete
description of the qualitative characteristics of the spin cur-
rent and excited precession. Further details on the modeling,
including all the used material parameters, are presented in
Sec. V of Ref. [34].

In Fig. 4(a), we present traces of the modeled z component
of the FMR mode excited by a Co(1) and a Co(1)/Gd(2)
generation layer, in black and blue, respectively. Note that
the amplitude of the FMR mode excited by pure Co has been
multiplied by 10 for clarity, as it is significantly weaker than
that excited by Co/Gd. This is likely a result of the assump-
tions made in the model, such as the simplistic description
of optical absorption and the parameters chosen for Gd, as
the exact shape of the spin current pulse strongly affects the
excitation efficiency. Similar to the experimental results, our
model shows a shift of the phase of the FMR mode when Gd
is added to the generation layer. In Fig. 4(b), the absolute
phase is plotted as a function of the effective Gd thickness
teff,Gd, which for our purposes is analogous to the Gd layer
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FIG. 4. (a) Calculated FMR mode excited by the spin current
from a Co(1) (black) and Co(1)/Gd(2) (blue) generation layer.
(b) Absolute phase of the excited FMR mode as a function of the
effective thickness teff,Gd of the (generation) Gd layer. (c) Absorbed
spin current as function of time generated by a Co (black) and a
Co/Gd (blue) generation layers.

thickness, and is further described in Sec. V of Ref. [34].
The figure clearly shows a qualitative agreement with the
experiments [Fig. 2(d)], with a shift of approximately 130◦
upon adding a few monolayers of Gd. The exact value of
the phase shift can be explained by a combination of factors.
Naively, one would expect a 180◦ phase shift if only the Gd
spin-current would excite dynamics once it starts to dominate
the total spin current. The actual shift however is lowered by
the contribution of Co, as well as the relatively slow (type II
[38]) magnetization dynamics of the Gd, as will be demon-
strated in the following.

To clarify the origin of the observed phase shift, we plot
the absorbed spin currents for a pure Co(1) injection layer
and a Co(1)/Gd(2) bilayer calculated using the s − d model
in Fig. 4(c). The addition of Gd leads to changes in both
the amplitude of the first, fast peak of the spin current, as
well as a much longer negative tail. Both of these can be
understood by the demagnetization behavior of Gd, as plotted
in Fig. 1(b). The reduction of the amplitude of the first peak
of the spin current is caused by the initial, relatively rapid
demagnetization of Gd. At longer timescales, when the Co
generated spin current is negligible, a long tail in the Co/Gd
generated spin current is observed. This is in turn caused by
the secondary, slower demagnetization of Gd, and results in a
spin current that is mostly polarized in the opposite direction.
This explains the abrupt phase jump in Figs. 2(d) and 4(b)
for increasing Gd thickness. Moreover, the long duration of
this component of the spin current gives rise to a deviation of
the phase shift from 180◦. This is to be expected, as the Gd
demagnetization takes place over tens of ps, which is compa-
rable to the precessional period (∼80 ps). The small increase
of the phase from −130◦ to −110◦ that is observed in Fig. 4(b)
for a further increase of the Gd thickness is attributed to an
additional slowing down of the Gd magnetization dynamics.
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More specifically, we find that transfer of angular momentum
from the Co, which speeds up the Gd magnetization dynamics
near the interface between Co and Gd, has a smaller total
effect when the Gd thickness is increased.

In Sec. VI of Ref. [34], we show calculated traces of
the THz mode for increasing Gd thickness. Our calculations
indicate a phase shift of up to 10◦ when adding a 2-nm-
thick Gd layer to a 1-nm-thick Co layer. Contrary to previous
work [27], we were unable to resolve this potential phase
shift, because the resolution is determined by the strength of
the spin current and thus the total magnetic moment of the
generation layer. In future research, Co/Gd multilayers could
be used to study THz spin-wave generation in a rare-earth
transition-metal ferrimagnetic system in more detail.

V. CONCLUSION

We have shown that examining the parameters of pre-
cessional modes excited by ultrafast optically generated

spin currents can be a powerful tool to elucidate the be-
havior of these spin currents. Synthetic ferrimagnets offer
a novel platform to systematically investigate these phe-
nomena. The large discrepancy in spin current generation
between Gd and Tb could shed new light on the relative
difficulty of achieving AOS in systems containing only the
latter as RE material. Using spin-wave modes with THz
frequencies has additionally allowed us to probe the high-
frequency component of the generated spin currents. Here
we again find a link between the intrinsic speed of the mag-
netization dynamics and the behavior of the excited spin
current. This gives additional weight to the notion that an-
gular momentum which is lost during demagnetization can
be transferred to mobile spins [8]. This notion also under-
lies the s − d model, which we have successfully used to
describe our experimental results. Our experiments give new
insight in the magnetization dynamics of rare-earth materi-
als, which could prove critical in future spintronic memory
devices.
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