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Ultrafast control of both electric and spin currents triggered by femtosecond
laser pulse has attracted much attention due to future applications for
broadband THz emitter as well as high-speed spintronic devices. Optically
generated spin current is converted to charge current via multiple spin-charge
conversion mechanisms, generating THz wave emission in magnetic
multilayers. However, to date, quantitative and comparative investigation of
THz emission originating from spin-charge conversion mechanisms has not
yet been fully explored. Here, direct and straightforward nondestructive
probing to measure THz emission is provided at original Co/Pt and Co/Ta
interfaces embedded in Pt/Co/Ta multilayers with polarization analysis of
both optical pump and THz emission. These results allow a fundamental
understanding of various spin-charge conversion phenomena, which is a key

basis for future spintronic THz source development.

1. Introduction

Terahertz (THz) spintronics based on magnetic materials has
attracted much attention for potential applications.l'>] When

magnetic materials are irradiated by fem-
tosecond laser pulse, THz pulse should
be emitted by time-dependent magnetiza-
tion change, mostly observed as photoin-
duced ultrafast demagnetization.[>®! The
THz emission by ultrafast demagnetiza-
tion is universally observed in magnetic
films,[*1% which is well explained based on
the Maxwell equation. The THz emission
by the ultrafast demagnetization becomes
dominant for relatively thick ferromagnetic
layer (> 20 nm), while it becomes negligi-
ble for thin ferromagnetic films with more
intriguing interface effect.’!

In case of thin magnetic multilayer
films, it has been reported that there ex-
ists a spin-charge conversion phenomenon,
where ultrafast spin dynamics results in
charge dynamics on a sub-ps timescale,
generating THz emission'!12] and efficiently working as a broad-
band THz emitter.>® Several spin-charge conversion mecha-
nisms originated from an interface in multilayer structure for
spintronic THz emitters are proposed such as inverse spin Hall
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effect (ISHE),!">%] inverse Rashba-Edelstein effect (IREE),!17:1]
and inverse spin-orbit torque (ISOT).['?!1 To explore the THz
emission by ISHE, IREE, and ISOT, numerous studies have
been carried out mostly for magnetic multilayers with an in-
terface between magnetic and various nonmagnetic materi-
als. For instance, THz emission by ISHE has been reported
for ferromagnetic/heavy-metal heterostructures,[?’! ferromag-
net/semiconductor heterostructures,?*! and transition-metal /Pt
multilayers.[?*! THz emission by IREE has been reported for
Fe/Ag/Bi film!'”] and CoFeB/Ag/Bi film.'8! THz emission by
ISOT has also been reported for Co/Pt-based multilayer with
space inversion symmetry broken.!'%-21]

Since these mechanisms coexist in THz emission behavior for
magnetic multilayers, to distinguish those mechanisms based
on quantitative and comparative analysis in multilayer systems
still remain a scientific challenge. In particular, ISHE and IREE
produces the THz emission with the same polarization, letting
the separation of contributions from these two mechanisms be-
come challenging. Moreover, it should be mentioned that THz
emission by ISOT depends on a pump laser helicity, while THz
emission by IREE and ISHE do not. Therefore, systematic ap-
proach with controlling laser polarization together with quanti-
tative analysis of THz field polarization is required to quantita-
tively and comparatively investigate the coexisting THz emission
mechanisms.

In this work, we have carried out an optical pump and THz
emission probe experiment on an ultrafast timescale to investi-
gate pump-polarization-dependent THz emission for Pt/Co and
Pt/Co/Ta multilayer films. Spin-charge conversion mechanisms
for THz emission are distinguished based on the estimation of
original THz emission at each interface composing multilayers,
where the contributions from ISHE, IREE, and ISOT mecha-
nisms are quantified at Co/Pt and Co/Ta interfaces. Our finding
provides a comparative and quantitative way to separately under-
stand different mechanisms inevitably coexisting in THz emis-
sion from various magnetic multilayers, which is a key aspect in
the realization of broadband spintronic THz emitter.

2. Results and Discussion

Pt(5 nm)/Co(3 nm)/MgO(2 nm) and Pt(5 nm)/Co(3 nm)/Ta
(5 nm)/MgO(2 nm) multilayer films are grown on 0.5-mm thick
sapphire substrate by magnetron sputtering with sputtering pres-
sure of 7 mTorr. The MgO layer is selected as a protection
layer, insulating any charge current into the layer. Sapphire and
MgO are optically transparent, allowing laser pulse to mostly
transmit. Co layer thickness is fixed to be 3 nm, where it is
expected that THz emission is mostly dominated by the spin-
charge conversion at the interface rather than from the ultrafast
demagnetization.[°] Ta layer is inserted into one of the samples to
investigate the Co/Ta interface contribution with comparison to
the Co/Pt interface, known to have an opposite sign of the spin
Hall angle.[?®] The structural information about the films by high-
resolution cross-sectional transmission electron microscopy is
described in Section S3 (Supporting Information). Hysteresis
loops of samples measured on the film plane are plotted in Figure
1a, which confirms the in-plane magnetic anisotropy on the film
plane for both the samples.
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Figure 1. a) M-H hysteresis loops of Co/Pt (open square) and Pt/Co/Ta
(open circle) multilayers. b) Schematic diagram of THz emission setup.
The pump beam passes through the chopper and QWP (quarter-wave
plate), exciting the sample. THz pulse is generated and passes through P1,
P2 (wire grid polarizer), collimated by a parabolic mirror, and refocused on
ZnTe crystal. The probe beam undergoes a time delay, and travels through
ZnTe crystal, QWP, and two photodiodes (PD1and PD2).

The THz emission experiment was carried out at Pohang Ac-
celerator Laboratory (PAL) in Korea. Ti: Sapphire regenerative
amplifier with the wavelength of 800 nm, 20 nm bandwidth,
120 fs pulse duration, and 1 kHz repetition rate was used as the
femtosecond laser source. The pump laser spot size is ~5 mm
with incidence normal to the film surface. The pump polariza-
tion is selected to be linear, left-circularly polarized (LCP), or
right-circularly polarized (RCP). The pump fluence was varied
between 0.5 and 1.68 m] cm~2, where the results exhibit a simi-
lar trend in this fluence range, with THz emission roughly pro-
portional to the fluence. The data with the maximal fluence of
1.68 m] cm~2 will be representatively shown. The emitted THz
pulse is focused onto a 1 mm-thick ZnTe (110) crystal by parabolic
mirrors and detected via an electro-optic sampling technique.
The details of the THz emission detection experiment are de-
scribed elsewhere.l1%26] To explore the polarization-resolved THz
emission with a fixed ZnTe crystal axis, two wire grid polarizers
(WGP) with a relative angle of 45° have been adopted to selec-
tively pass the THz emission either with an electric field along
the x-axis (E,) or the y-axis (E,).””! The schematic diagram of the
setup is shown in Figure 1b. In-plane external magnetic field up
to 450 Oe is applied. All experiments are carried out inside the
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Figure 2. a) E, generated by LCP (6™) and RCP (o) for the case of +n and +M. b) E, with pump incident from the substrate (+n) and the film side
(—n) for the case of 6 and +M. ¢) E, with +M and —M for the case of +n and 6. d) FFT of E, for LCP and RCP pump. e) Schematic diagram of ISOT
with pump, sample, and THz emission geometry. LCP (6™, red)/RCP (6, blue) pump excites the sample, leading to induced charge current,_]ECO/Pt by
LCP (red) and RCP (blue). Polar unit vector n€/Pt normal to the interface. Magnetization of Co layer, M. THz emission along the x-axis is denoted as E,.

dry air chamber at room temperature with a relative humidity of
1.0% to avoid the THz absorption by water vapor.

First, pump-polarization-dependent THz emission behavior is
observed with LCP/RCP pump polarization for the Pt/Co bilayer
film, from which pure ISOT contribution is estimated by analyz-
ing E, . Figure 2 depicts THz electric field profile along the x-axis
with a variation of pump helicity (LCP/RCP) (Figure 2a), pump-
ing direction (film-/substrate-side) (Figure 2b), external magnetic
field (Figure 2c). In Figure 2d, the FFT of THz emission profiles
in the case of RCP and LCP pumps, are plotted, where the al-
most same FFT spectra are observed. Symmetric THz emission
profiles by LCP/RCP pump indicate the THz emission in both
cases originated by the same mechanism (ISOT). As in Figure 2a,
the electric field profile of THz emission along the x-axis (E,) by
LCP/RCP pump exhibits a symmetrically opposite phase when
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magnetically saturated along the +x direction (+M) by +450 Oe
external field. Considering that ISOT is described by the formula:
J. = ynx[Mxo]I"], where J_ is an induced charge current, y
is a spin-orbit coupling strength, n is the polar unit vector nor-
mal to the interface, o represents pump helicity, M is a sample
magnetization, and I is the pump intensity. It is expected to have
an opposite J. by switching between LCP (o~) and RCP (o%), as
demonstrated in the figure. The geometry of the sample and J,
n, o, and M are illustrated in Figure 2e.

In Figure 2b, electric field profile of THz emission by flipping
the sample is plotted, where n is oppositely switched, and ac-
cordingly, E, changes the sign. THz field profile phase is delayed
when the sample is hit on the film-side (—n) due to the increased
optical path mainly by the 0.5-mm thick sapphire substrate
for THz pulse generated at the Co/Pt interface. THz emission
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Figure 3. a) Schematic diagram of ISOT for trilayer case. b) E, from Co/Pt bilayer and Pt/Co/Ta trilayer, measured at the THz detector. c) Estimated E,
at Co/Pt (E, g/ , black) and Co/Ta interface (E. CO/T”, blue). Efo/Ta is multiplied by three.

intensity also changes by flipping the sample. When the pump
hits the substrate side (+n), it should pass through the Pt
layer, losing 61% pump fluence by the reflection and absorp-
tion, resulting in the decrease of the pump-induced signal.
The absorption coefficient of the Pt layer for the pump with
800-nm wavelength is estimated to be 0.505. Detailed intensity
estimation is found in Section S1 (Supporting Information).

The effect of magnetization switching between positively (+M)
and negatively (—M) saturated states in THz emission is shown
in Figure 2c. As expected from the ISOT formula, switching of
magnetization should lead to the opposite J_, which is clearly ob-
served in the figure shown in the case of the LCP pump (6~). The
same trend, but with the opposite sign, is observed for the RCP
(o*) pump. It has been known that the interface quality plays
an important role in THz generation by ISOT. In the present
study, pump-polarization-dependent THz emission by ISOT was
observed for the films prepared in 7-mTorr Ar sputtering pres-
sure, while no helicity-dependent THz emission was observed
for the films prepared in 1-mTorr Ar sputtering pressure, as in
Ref. [21].

ISOT contribution is also investigated for the trilayer
(Pt/Co/Ta) film. The ISOT mechanism is schematically illus-
trated for the Pt/Co/Ta trilayer film in Figure 3a. Measured E,
profile (E;"e‘”"”d) for the bilayer and trilayer films are compared
in Figure 3D for the case of 6*/4+M/+n. Overall E, profile from
the trilayer film is almost the same as the case of the bilayer ex-
cept the intensity, where the intensity is smaller than the case of
the bilayer. With the addition of the Ta layer, attenuation by the
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metallic Ta layer exists. Moreover, an extra interface effect should
exist as well for the Co/Ta interface in addition to the Co/Pt in-
terface. Considering the opposite n vector for Co/Ta and Co/Pt
interfaces with the ferromagnetic Co layer in the middle, it is ex-
pected to see the reduced total ISOT effect in case of the trilayer
film, as illustrated in the figure. It should be also mentioned that
Ta has an opposite spin Hall angle compared to the Pt and thus,
if the ISHE is involved in the THz emission, the intensity should
be enhanced, rather than reduced for the trilayer as observed in
the present case, indicating that the ISHE is irrelevant in this
case. Moreover, ISHE as well as IREE should be detected for the
THz emission polarization along the y-axis, not the x-axis, in the
present geometry.

We would like to stress that the original THz emission from
each interface can be quantified by consideration of attenuation
factor of the multilayer structure for the pump laser so that the
original THz wave emission along the x-axis (Ei"t"f“”), when ini-
tially generated at the interface, is determined, as in Figure 3c.
It is possible to compare the THz emissions from the bilayer
and the trilayer films, where the larger E™** is observed for
the bilayer case, as easily expected from the opposite sign of the
normal vector (n) for the Co/Pt and Co/Ta interface. It is inter-
esting to note that, however, the reduction of the E’"m"”" for
the trilayer film is not significant, implying that ISOT contri-
bution from the Co/Ta interface is fractional compared to the
case of the Co/Pt interface. To separately quantify the ISOT con-
tribution from Co/Ta and Co/Pt in the trilayer, it is assumed
that the Co/Pt interface in the bilayer has the same amount
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of contribution for THz emission in the trilayer. Then, by sub-
tracting the Co/Pt interface contribution (ES”/™) from the tri-
layer signal, the Co/Ta interface contribution (ES/™) is deter-
mined, as depicted in Figure 3c, where Ef"/ e is multiplied by
three for comparison. The ISOT contribution ratio of the Co/Pt
and the Co/Ta is found to be ~3.5:1, similar to reported val-
ues based on the magnetoresistance method. For instance, the
SOT strength ratio between Co/Pt and Co/Ta is estimated to
be 3:1 for the Pt(6 nm)/Co(2.5 nm) and Ta(6 nm)/Co(2.5 nm)
with in-plane magnetic anisotropy based on the ratio of field-
like torques with the same component as ISOT in the present
study.”] On the other hand, for Co/Ta/Pt with perpendicular
magnetic anisotropy, the field-like SOT efficiency is reported
to be larger by 1.5 times than that of the Co/ Pt case.*! In
the case of CoFeB-based multilayers with perpendicular mag-
netic anisotropy, the transverse SOT effective field ratio between
CoFeB/Pt and CoFeB/Ta is reported to be ~1:2.3% In addition to
the above experimentally reported values based on the transport
measurements at the Hall bar geometry, there has been a result
reported for Co/Pt and Co/Ta films based on THz emission,!*°]
where the electric field profile of THz emission by ISOT is di-
rectly compared, as in the present work, and the ratio was ~3:1.
The samples in Ref. [19] has in-plane magnetic anisotropy, as in
the present case, but has a thicker Co layer (10 nm) and a thin-
ner heavy metal layer (2 nm), compared to the present samples
Co(3 nm) and Pt, Ta(5 nm). Estimation of the ISOT strength from
different interfaces is an important task, sensitively depending
on the interface quality. We would like to state that the measure-
ment by means of THz emission provides noncontacting optical
way, not requiring making electrodes by patterning nor applying
current.

Now, THz emission along the y-axis (E,) is analyzed, where
ISHE (Figure 4a) and IREE (Figure 4b) are supposed to play a
key role in THz generation. First, for the bilayer film, it is ob-
served that E, is independent of pump polarization, as demon-
strated in Figure 4c. E, profile is found to be irrespective of the
pump polarization, where the pump with LCP, RCP, and linear
polarization (LP) exhibits almost the same profile, as shown in
the figure for the case of +M/+n. The THz emission mechanism
for E, is considered to be ISHE and/or IREE, both of which are
not pump-polarization dependent. On the other hand, IREE as
well as ISHE sensitively depends on the multilayer interface qual-
ity. As observed by high-resolution cross-sectional transmission
electron microscopy (Section S3, Supporting Information), while
the interface quality of multilayers in the present study is not per-
fect, the multilayer heterostructure is still clearly sustained. We
consider that ISOT and IREE might coexist in multilayer films.

Ultrafast demagnetization generates spin current into neigh-
boring layers, then, the charge current (J.) is induced by the
ISHE, described as J. = Oy X J, X M/|M|, where Oy is spin
Hall angle, J is spin current originated from ultrafast demag-
netization, and M is magnetization.[>-1] The detailed geometry
of the sample and relevant quantities is illustrated in Figure 4a,
where the spin current is denoted as J</™'. In the case of ISHE,
the same amount of induced J, regardless of the pump polariza-
tion is expected. Instead, it should be dependent on the direction
of J, and M. In the present sample, induced J, in the Pt layer is
only observable due to the high resistivity of MgO compared to
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the Pt. Therefore, by flipping the sample, the direction of J; can
be switched and thus, the induced J. should be switched as well,
as demonstrated by the opposite sign of E, in Figure 4d. The rel-
atively different phase by flipping is due to the different optical
path, as in the case of 2(b). If M is reversed, E, is accordingly re-
versed, as seen in Figure 4e. As in Figure 4f, the FFT of E, profile
shows the pump polarization-independent behavior.

IREE (Figure 4b) could also contribute to the THz
emission along the y-axis.'718] According to the formula:
J.= Aggen X SPU, where Appp is IREE coefficient, S is the
nonequilibrium spin density due to the spin injection, parallel
to M. n is the polar unit vector normal to the interface reflecting
the inversion symmetry breaking, which is denoted as nc/™
in the figure. When J; is injected into the neighboring Pt layer
along the z-axis, an electric field along the y-axis is generated by
the IREE, proportional to J; X M. Spins along +x direction (—x
direction) with + M (—M) are accumulated along +y direction
(—y direction), resulting in spin current J&/* and charge current
J°/P along the y-axis, as illustrated in the figure.*'? As in the
case of the ISHE, IREE does not have the pump-polarization
dependence. By flipping the sample, only n is changed, while S
is invariant by the external magnetic field, resulting in the THz
emission profile with an opposite phase, as observed in the case
of Figure 4d. The larger amplitude of E, when excited by the
pump on the film side (—n), is explainable by the higher pump
intensity, as in the case of Figure 2b. Also, the pump-induced
THz emission signal is reduced for the (+n) case when the THz
wave passes through the Co/MgO layers, as in the case of 2(b).
Detailed intensity estimation for E, is found in Sections S1 and
S2 (Supporting Information). In the case of IREE, E, is also
symmetrically switched by reversing M, as seen in Figure 4e.
In Figure 4f, the FFT of THz emission profiles in the case of
RCP, LCP, and LP pump, are plotted, where the almost same
FFT spectra are observed. It is considered that the spin-charge
conversion mechanisms might be sensitively dependent on the
film interface quality. Recently, the Rashba-type spin splitting
and spin-charge conversion phenomenon has been investigated
in Pt/Co/W films.[**]

To distinguish ISHE and IREE mechanisms, THz emission
along the y-axis (E,) is analyzed for the trilayer film. Both ISHE
and IREE are expected to coexist as in the case of bilayer film,
where the additional contribution from the Co/Ta interface is in-
vestigated. Schematic diagrams of ISHE and IREE mechanisms
in trilayer are illustrated in Figure 5a,b, respectively. In the case of
ISHE, since Ta has an opposite spin Hall angle (0¢) compared
to Pt,[131516] it is expected to have THz emission amplitude by
ISHE is stronger than the case of bilayer due to the same direc-
tion of J,. from Co/Pt and Co/Ta interfaces. On the other hand,
J. generated by IREE from Co/Pt and Co/Ta interfaces are oppo-
site in direction to each other due to the mutually opposite nor-
mal vector toward Co layer from Pt and Ta heavy metal layers.!*°]
The measured E, with combined contributions from ISHE and
IREE for the bilayer and the trilayer is plotted in Figure 5c. Since
E, does not have pump-polarization dependency, average of E,
pumped by LCP and RCP is considered. The E;"e“s""’d, measured
amplitude for the trilayer at the THz detector is larger than the
case of the bilayer, clearly indicating that the contribution from
ISHE is larger than that of IREE in the Pt/Co/Ta trilayer.
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Figure 4. Schematic diagram of (a) ISHE and (b) IREE mechanism for Co/Pt sample. c) E, generated by LCP, RCP, and LP for the case of +M and +n.
d) E, with pump incident from the substrate (+n) and the film side (—n) for the case of 6™ and +M. e) E, for +M and —M for the case of +n and ™.

f) FFT of E, for LCP, RCP, and LP pump.

To quantitatively separate the ISHE and IREE THz emission
generated at each interface along the y-axis, E’Y"’”f"“ is estimated

in analogous to the case of E;"”’f‘"" in Figure 3. Note that the
difference between the bilayer and the trilayer cases is still sus-
tained. In analogous to the case of Figure 3c, Ef"/ Pt and Ef"/ Ta

are also estimated as in Figure 5d. It is interesting to note that the
EYC”/ P is much larger than Ef"/ @ roughly by 6.5 times. It should
be mentioned that E;"”’f"“’ originated from ISHE and IREE has
the opposite sign at the Co/Pt interface, whereas E;"’"f"” from
ISHE and IREE has the same sign at the Co/Ta interface. Due to

the larger O, for Pt (~0.1) compared to Ta (0.12-0.0037),[2>:343%]
E°/™ is expected to be larger than E /™. Moreover, the same

sign of IREE contribution at the Co/Ta interface increases Ef"/ Ta

Adv. Optical Mater. 2024, 12, 2302571
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further, while ISHE is stronger overall than IREE in the present
sample, as observed by the same phase of the total E, in Figure 5d.
All our observations imply that the Ef"/ T%(ISHE) is substantially
less than Ef"/ PISHE), as discussed in Section S2 (Supporting
Information).

The ratio between EYC"/ PY(ISHE) and E;:"/ T%(ISHE) should be
proportional to the ratio between 6y, of Pt and Ta, assuming that
the J; by the ultrafast demagnetization to the Pt layer and the Ta
layer are almost the same. On the other hand, it has been known
that the field-like ISOT originated from the Rashba effect!3¢37]
so the ratio of E, originating from the IREE between the Co/Pt
and Co/Ta interfaces is assumed to be proportional to the ratio
of E, originated from the ISOT at the two interfaces, which was
measured as in Figure 3c. A 3.5:1 ratio is taken for the values

© 2024 Wiley-VCH GmbH
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Figure 5. Schematic diagram of (a) ISHE and (b) IREE for Pt/Co/Ta multilayer. c) E, from Pt/Co bilayer and Pt/Co/Ta trilayer, measured at the THz

detector. d) Estimated E, at Co/Pt (Efo/m, black) and Co/Ta interface (E
with separated contribution from ISHE and IREE.

estimated at the original THz source position at the interface.
Combining all the information, ISHE and IREE contribution ra-
tio of Co/Pt and Co/Ta interfaces, EYC"/P’(ISHE), EYC"/T“(ISHE),

Ef"/ P{(IREE), and Ef"/ T¢(IREE) are all separately estimated. In

Figure 5e, EYC"/ P ISHE) and EYC"/ P'(IREE) are plotted together,
where it is observed IREE contribution is larger than ISHE con-
tribution for Co/Ptinterface. Similarly, in Figure 5f, EYC"/ T4(ISHE)

and Ef"/ Ta(IREE) are plotted, where ISHE contribution is larger
than IREE contribution. Note that the IREE signal has the same
phase as the ISHE signal. Detailed calculation for Figure 5e,f is
found in Section S2 (Supporting Information).

Finally, we summarize the quantified contribution from the
three main spin-charge conversion mechanisms for THz emis-
sion at the embedded Co/Pt and Co/Ta interface in Pt/Co/Ta tri-
layer film. The strength ratio among ISHE, IREE, and ISOT at
the Co/Pt interface is found to be ~1.6:2:1, respectively. The ratio
at the Co/Ta interface is ~3.9:2:1. IREE contribution is most sig-
nificant at the Co/Pt interface, followed by ISHE and ISOT, while
ISHE contribution is the largest and the ISOT becomes relatively
fractional at the Co/Ta. Considering that the ISHE is mainly ini-
tiated by the spin current from the Co layer to the Pt and Ta
layers by ultrafast demagnetization, the substantial amount of

Adv. Optical Mater. 2024, 12, 2302571
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, blue). Total E, originally generated at (e) Co/Pt and (f) Co/Ta interface

ISHE contribution both for Co/Pt and Co/Ta interface cases is
understandable. It is interesting to see the contrasting difference
in IREE contribution, which is even larger than the ISHE at the
Co/Pt interface but much smaller than the ISHE at the Co/Ta
interface. The spin-charge conversion efficiency can be roughly
approximated to be proportional to a spin diffusion length I, as
well as 0418 I ; of Pt and Ta have been reported to be ~11 and
2.7 nm, respectively.®® Then, the ratio of Ogy; X L4 between Pt
(0.1 X 11 nm) and Ta (0.07 X 2.7 nm) from scattered reported
values(?>3%36] is ~6:1, which is consistent with 3.5:1 ratio in IREE
and ISOT ratio measured in the present study.

3. Conclusion

In summary, we have systematically investigated THz emission
in Co/Pt and Pt/Co/Ta magnetic multilayers triggered by ultra-
fast pump pulse with polarization control. By compensating the
absorption for the pump laser and subtracting the THz emis-
sion signal of the bilayer from the signal of the trilayer, the THz
emission generated from each interface is quantitatively identi-
fied. Furthermore, spin-charge conversion by ISOT, ISHE, and
IREE is distinguishably estimated at the embedded Co/Pt and
Co/Ta interfaces. Our approach sheds light on the realization of
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the broadband spintronic emitter, providing quantitative analysis
to separately understand different THz generation mechanisms
coexisting in various magnetic multilayers.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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