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Single shot all-optical switching of the magnetization by femtosecond laser pulses in rare-earth transition-metal fer-
rimagnetic materials is particularly promising for future ultrafast magnetic storage applications. Moreover, ultrafast laser-
generated spin currents appear to play an important role in the switching process. Here, we try to separately detect the spin
current from Gd in a Co/Gd bilayer system using terahertz time-domain spectroscopy. To this aim, we use different capping,
buffer and embedded layers in order to tune the spin-to-charge and spin-current propagation and identify currents from each
of the layers. We attribute the observed THz emission in all layers to the transition metal demagnetization induced spin
currents, and detect no contribution from the Gd demagnetization. We attribute this absence of Gd-induced THz signal
to the potentially slow demagnetization of Gd, which shift the emission spectra to lower frequencies, below our detection
capabilities. These results highlight the limitations in using materials suffering from the so-called critical slowdown for the

optimization of spintronic THz emitters.
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1. Introduction

The development of ultrashort pulse lasers enables the
study of ultrafast magnetization dynamics. Following the
discovery of ultrafast demagnetization,!! all-optical switch-
ing (AOS) of the magnetization of rare-earth transition-metal
ferrimagnetic materials was demonstrated using femtosecond
laser pulses,!>* which is particularly promising for potential
future ultrafast information technologies.

In light of the technological potential of ultrafast magne-
tization dynamics, the underlying physics has attracted con-
siderable interest.>-!l Malinowski et al.! first demonstrated
that laser-excited spin current transport could enhance and ac-
celerate demagnetization in ferromagnetic multilayers due to
the transfer of spin-angular-momentum between two thin fer-
romagnetic layers. Soon afterwards, Battiato et al.!®! proposed
superdiffusive spin transport theory to explain laser-driven de-
magnetization. They suggested that the laser-excited spin ma-
jority carriers are much more mobile than spin minority car-
riers due to spin-dependent lifetimes and velocities, causing a
net spin current to flow out of the ferromagnetic layer, lead-
ing to demagnetization. The laser-excited spin current has
extended our understanding of the fundamental mechanisms

fCorresponding author. E-mail: yongxu@buaa.edu.cn
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behind ultrafast magnetization dynamics and has therefore at-
tracted widespread attention. Recent studies have shown that
the laser-excited spin current from the ferromagnet can in-
fluence the AOS process, and the magnetization of a ferro-
magnetic thin film can be reversed via spin current coming

r.[%12-14] Thys, the spin cur-

from the nearby switchable laye
rent plays a critical role in the switching mechanism.

It is also worth noting that the timescales of laser-
generated spin currents are on the subpicosecond timescale,
corresponding to frequencies in the terahertz (THz) range.
The spin currents can generate THz radiation through spin-
to-charge conversion in strongly spin—orbit coupled materi-
als. In recent years, a few THz studies have been carried out
on Gd(Fe)Co and Co/Gd systems.!>~17 Using THz emission
spectroscopy, Huisman et al.!' found that under pulsed laser
excitation, a spin current is generated from GdFeCo to the ad-
jacent Pt layer even when the net magnetization is zero, due
to the fact that the spin current is determined by the magnetic
sublattice sensitivity. However, the contribution of each ele-
ment to the spin current is not well understood so far.

In this work, we used a series of Co/Gd bilayer films to
elucidate the contribution of Gd to ultrafast spin currents by
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using THz emission spectroscopy. We designed the sample
structures by inserting MgO layer to block the transport of the
spin current!'®! and by changing the buffer and capping layers
to change the spin-to-charge conversion, and collected their
THz spectra. After analysis, we conclude that most of the THz
emission is due to the transition metal-induced spin currents,
and that detection of the Gd-induced THz is not possible using
our setup.

2. Materials and methods
2.1. Samples fabrication and characterization

The Co/Gd samples that we used in our experiments were
deposited by magnetron sputtering on a glass substrate (1-mm
thick) in an argon atmosphere at a pressure of 3 mTorr (1 Torr
= 1.33322x10? Pa) and room temperature. The full sample
stack is made of glass (substrate)/Ta(3)/Co(2)/Ta(5) or glass
(substrate)/Ta(3)/Co(2)/Gd(1)/Ta(5) to first test THz emission
from Gd. To test combinations of THz signal emissions, the
structure glass (substrate)/X/Cu(4)/Co(2)/Gd(1)/Cu(4)/Y was
used, where X and Y are buffer and capping layers of Ta(5) or
Pt(3). Thin Cu layers were used to keep the interfaces with the
magnetic layers constant. The Ta cap layer is slightly thicker
than the buffer Ta or Pt cap as some surface oxidation is ex-
pected (a few nm). The numbers in brackets indicate the thick-
ness in units of nm. In addition, some samples-included MgO
layers introduced in the center of the Cu layers to block the
ultrafast transport of laser-excited spin-polarized electrons.

To measure the THz emission spectra generated by Co/Gd
samples upon femtosecond laser pulse excitation, we used a
homemade THz time-domain spectrometer. The femtosecond
laser pulses were generated by a commercial Ti:sapphire re-
generative amplifier with a central wavelength of 800 nm, a
pulse duration of 35 fs, and a repetition rate of 1 kHz. The
pump beam with an incident power of 300 mW and a spot
size of 10 mm (0.38 mJ/cm?) was illuminated vertically on the
sample. The residual pump beam after the sample was blocked
by a piece of high-density polyethylene, which is transparent
in the THz frequency range. The radiated THz pulses were de-
tected with a 2-mm-thick ZnTe crystal via electro-optical sam-
pling. The effective detection range of this THz time-domain
spectrometer is mainly determined by the electro-optic crystal
(0.1 THz-3 THz). During the experiment, an external in-plane
magnetic field of 800 Oe is applied to orient the Co magneti-
zation. All the experiments were performed at room tempera-
ture. When the pump beam impinged on the samples from the
top (substrate) side, it is referred to as sample-t (-s) excitation
(Fig. 1(a)). We added a bare glass substrate to the top of the
film to minimize the effect of the substrate on the THz signal
when flipping the sample.

3. Results and discussion

We first investigate by exploring simple, rather symmet-
ric films, in order to compare the spin emission towards the
top and bottom of the film. Figure 1(b) shows the THz wa-
veforms generated from samples sub/Ta(3)/Co(2)/Ta(5) and
sub/Ta(3)/Co(2)/Gd(1)/Ta(5). It can be seen that the sign of
the emitted THz radiation reverses when the sample is rotated
180° around the vertical axis. The sub/Ta/Co/Ta sample emits
THz radiation via the inverse spin Hall effect (ISHE) in both
Ta layers. The generated charge current can be described with
Je o< js x M /|M
spin current, and M is the magnetization.!'”! In our experi-

, where j. is the charge current, j; is the

ment, the external magnetic field direction was fixed, so the
sign of the generated THz waveforms should depend on the
sample orientation relative to the pump beam, which is con-
sistent with the experimental results. In the Ta/Co/Ta film, the
spin currents into both top and bottom Ta layers will lead to
THz waves with opposite phase, which will destructively in-
terfere (Fig. 1(c)), but due to small asymmetries, a net THz
amplitude can still be measured (Fig. 1(b)). The insertion of
the Gd layer causes the THz signal to increase in amplitude
without changing sign, as shown in orange in Fig. 1(b). In the
sub/Ta/Co/Gd/Ta sample, the magnetization of Gd and Co is
antiparallelly aligned.”) Although bulk Gd is paramagnetic at
room temperature, it can stabilize a ferromagnetic phase when

21]

interfaced with a ferromagnetic material.!>!! If Gd generates a

spin current upon laser excitation, it should have the opposite

17.22] Therefore, one

sign to the spin current generated by Co.!
could expect that when a Gd layer is added, the total spin cur-
rent (and THz signal) should either be reduced or change sign
(if Gd becomes the dominant contributor). However, no such
reduction or sign change is observed in Fig. 1(b), quite the op-
posite, the signal increases. There are a few possible mecha-
nisms that could explain this increase (Fig. 1(d)): First, the Co
generated spin current could be absorbed within the Gd layer,
leading to a larger asymmetry between the spin currents en-
tering each Ta layer, thus reducing the destructive interference
effect. Additionally, if spin currents from the Gd demagnetiza-
tion are present, these could result in asymmetric THz due to
absorption of Gd spins in the Co layer. This THz could inter-
fere constructively with the ones generated by the Co demag-
netization. Finally, Gd could act not only as a spin sink,>!

r.>*! Indeed, according to

but also as a spin-to-charge converte
the literature,>>2%! Gd has a positive spin Hall angle which is
opposite to Ta, which would also result in an increase in the
THz signal.

Next, we altered the buffer and capping Ta layers to
change the sign and amplitude of the top and bottom spin-
to-charge converters without changing the spin currents.
We checked the signal polarities by flipping the samples

as shown in the following Fig. 1 and found always traces
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with opposite sign. For the sake of clarity we only show
the THz waveforms generated by top (-t) excitation in
the figure below. Figure 2(a) shows the THz waveforms
generated from sub/Ta(3)/Cu(4)/Co(2)/Gd(1)/Cu(4)/Ta(5),
sub/Ta(3)/Cu(4)/Co(2)/Gd(1)/Cu(4)/Pt(3) and sub/Pt(3)/Cu(4)
/Co(2)/Gd(1)/Cu(4)/Ta(5) samples (see Fig. S1 in supplemen-
tal material for full curves). The thin Cu layers were used
to keep the interfaces with the magnetic layers constant as
we changed the capping and buffer layers, and inserted MgO,
even if these thin Cu layers result in a significant decrease in
the THz emission as has been well documented.?”-?8] Ta and
Pt have opposite spin Hall angles, so when the top Ta(5) is
replaced by Pt(3) in the sub/Ta/Cu/Co/Gd/Cu/Pt sample, the
charge currents in the Ta(3) and Pt(3) layers flow in the same
direction. Figure 2(a) shows an increase in the THz signal for

Sample-s excitation

sub/Ta/Cu/Co/Gd/Cu/Pt. The lack of sign change when sub-
stituting the top Ta(5) layer for Pt (which has a larger and op-
posite spin Hall angle) also indicates that the charge current on
the Ta(3) side is dominating the THz emission (see Figs. 2(a)
and 2(b)). Therefore, by replacing this dominating Ta(3) layer
by a Pt layer in the sub/Pt/Cu/Co/Gd/Cu/Ta sample, we logi-
cally observe an inverted THz signal with increased amplitude
(see Figs. 2(a) and 2(b)). Finally, we notice that the laser ab-
sorption in the Gd layer in the sub/Pt/Cu/Co/Gd/Cu/Ta should
be larger for the top (-t) excitation rather than the substrate (-s)
one (see Fig. S2 in the supplemental material). However, as
shown in Fig. S1, the emission is weaker in the top excitation
case. This indicates that Gd heating and the spin currents it
generates do not significantly contribute to the THz signal.

G
=
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—o— Ta(3)/Co/Ta(5)-t
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Fig. 1. (a) Schematic representation of the polarity of the generated THz waves. The femtosecond laser is incident on the substrate side: sample-s excita-
tion or on the top side: sample-t excitation. (b) THz waveforms from sub/Ta(3 nm)/Co(2 nm)/Ta(5 nm) and sub/Ta(3 nm)/Co(2 nm)/Gd(1 nm)/Ta(5 nm).
(c) Schematic illustration of THz emission from sub/Ta(3 nm)/Co(2 nm)/Ta(5 nm). The spin currents generated from Co layer transport into

both top and bottom Ta layers (purple arrows) lead to THz waves with opposite phase.

(d) Schematic illustration of THz emission from

sub/Ta(3 nm)/Co(2 nm)/Gd(1 nm)/Ta(5 nm). The spin current generated from Gd has the opposite sign to that generated by Co, and flows (green
arrows) to both the top and bottom Ta layers. The absorption of Co spins by the Gd layer, or vice versa, results in asymmetric THz.

We then attempted to block some of the top and bot-
tom spin currents by adding an MgO insulating layer in the
stack. Figure 2(c) shows the THz waveforms generated from
sub/Ta(3)/Cu(4)/Co(2)/Gd(1)/Cu(2)/MgO(5)/Cu(2)/Ta(5)
and sub/Ta(3)/Cu(2)/MgO(5)/Cu(2)/Co(2)/Gd(1)/Cu(4)/Ta(5)
samples (see Fig. S3 in supplemental material for full curves).
The waveform shapes differ significantly between these two
samples (three versus two maxima or minima). When the
MgO layer blocks the top spin current travelling towards the
Ta(5) cap, the overall shape of the THz waveform remains
similar to those in Fig. 2(a). Once again, this result confirms
that it is the spin current travelling down into the buffer Ta(3)
layer that dominates the THz generation (see Fig. 2(d)). How-
ever, introducing an MgO layer beneath the magnetic stack
leads to a significant alteration in the THz waveform. This
bottom MgO layer blocks the spin current travelling down
into the buffer Ta(3) layer. Therefore, the spin current trav-
elling into the Ta(5) cap layer dominates the THz generation.
Two scenarios could explain the change of THz waveform. In

one scenario, Gd generates THz spin currents. The injection of
Gd spins, which are opposite to Co spins, into the Ta(5) layer
causes competition between opposite THz polarities, resulting
in the different shape. The other possibility is that Gd acts as
a spin-to-charge converter. In this case, the spin Hall currents
in the Gd and Ta(5) layers flow in opposite directions, and this
competition results in the different shape (see Fig. 2(d)).
Finally, we discuss and test the timescales and frequency
responses of the expected spin currents. Upon laser excita-
tion in single elemental magnets, the demagnetization of a
Co system is fast, within 100 fs,[>”] whereas Gd is typically
very slow, taking tens of ps,[!”] due to its low Curie tem-
perature (T.) and the critical slowdown.?%) However, in al-
loys, a much faster demagnetization time!*°! as well as spin
currents 22 have been observed, which can be attributed to the
exchange coupling with Co increasing the 7. of Gd. Never-
theless, in Co/Gd multilayers, the overall 7. of the Gd layer
as a function of thickness is less clear, and much slower re-
sponses from the Gd system have been identified.!!”] There-
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fore, we speculate that, in our bilayer systems, Gd may con-
tribute with a much slower signal appearing at sub-THz fre-
quencies. For this reason, we performed several long scans of
the sub/Ta/Co/Gd/Ta and sub/Ta/Co/Ta samples, with the in-
tention of finding the Gd signal by comparing the waveforms
of these two samples. Figure 3 shows the THz waveforms
generated from sub/Ta/Co/Ta and sub/Ta/Co/Gd/Ta samples
within the long scan. For ease of observation, we divided the
horizontal coordinate Time into two intervals. By comparing
the two waveforms, no signals unique to the sub/Ta/Co/Gd/Ta
sample were observed. According to these experimental re-

a L —Ta(3)/Cu/Co/Gd/Cu/Ta(5 N THz
/;;( )40 —TaE3%Cu§C0§Gd§Cu?Pt((3))
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N

jas)
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sults, we cannot probe any slower spin current from the Gd
using THz time-domain spectroscopy. Lichtenberg et al.!'”]
measured THz standing spin-waves as well as GHz homoge-
neous precessional modes of Co/Gd bilayers and probed both
the high- and low- frequency components of the spin currents.
The low-frequency homogeneous mode suggests a significant
contribution of Gd to the spin current but measurements on
the THz frequency spin waves reveal the inability of the Gd-
generated spin currents to excite dynamics at the subpicosec-
ond timescale. Our results are therefore fully compatible with
Lichtenberg’s observation.

THz
o

(d)

Fig. 2. (a) The THz waveforms and (b) the schematic illustration of the THz emission from sub/Ta(3)/Cu(4)/Co(2)/Gd(1)/Cu(4)/Ta(5),
sub/Ta(3)/Cu(4)/Co(2)/Gd(1)/Cu(4)/Pt(3) and sub/Pt(3)/Cu(4)/Co(2)/Gd(1)/Cu(4)/Ta(5). The charge currents in the Ta and Pt layers flow

in the same direction and radiate the same phase of THz.

(c) THz waveforms and (d) schematic illustration of THz emission from

sub/Ta(3)/Cu(4)/Co(2)/Gd(1)/Cu(2)/MgO(5)/Cu(2)/Ta(5) and sub/Ta(3)/Cu(2)/MgO(5)/Cu(2)/Co(2)/Gd(1)/Cu(4)/Ta(5). When the MgO layer
blocks the top spin current travelling towards the Ta(5) cap, the spin current travelling down into the buffer Ta(3) layer dominates the THz
generation. With the bottom MgO layer, the THz emission is governed by the top Ta(5) layer. The injection of Gd spins (which are opposite
to Co spins) into the Ta(5) layer causes competition of opposite THz polarity (green THz line and orange THz line in the Ta(5) layer). Gd also
acts as a spin-to-charge converter (orange THz line in the Gd layer). The numbers in brackets indicate the thickness in unit nm.
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Fig. 3. THz waveforms generated from sub/Ta(3 nm)/Co(2 nm)/Ta(5 nm) and sub/Ta(3 nm)/Co(2 nm)/Gd(1 nm)/Ta(5 nm) samples within the long scan.

4. Conclusion

In summary, we have shown that the spin current from Gd
cannot be probed by THz time-domain spectroscopy by per-
forming THz emission experiments on some Co/Gd samples.

We attribute this limitation to the fact that Gd demagnetization
may be too slow and the spin current generated from Gd is un-
able to produce THz radiation. This means that even though

a Co/Gd bilayer resulted in higher emission than the bare Co
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sample, such enhancement is not the results of additional Gd-
induced spin currents. Selective probing of the different de-
magnetizations and/or spin currents of the different elements
in ferrimagnetic systems remains an important challenge.
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