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Abstract

Identifying materials with an efficient spin-to-charge conversion is crucial for future spintronic
applications. In this respect, the spin Hall effect is a central mechanism as it allows for the
interconversion of spin and charge currents. Spintronic material research aims at maximizing
its efficiency, quantified by the spin Hall angle Ogy and the spin-current relaxation length

Arel- We develop an all-optical contact-free method with large sample throughput that allows
us to extract ©sy and Arj. Employing terahertz spectroscopy and an analytical model,
magnetic metallic heterostructures involving Pt, W and Cuglr,( are characterized in terms

of their optical and spintronic properties. The validity of our analytical model is confirmed

by the good agreement with literature DC values. For the samples considered here, we find
indications that the interface plays a minor role for the spin-current transmission. Our findings
establish terahertz emission spectroscopy as a reliable tool complementing the spintronics
workbench.
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1. Introduction

Using the electron spin to replace some parts of conventional
electronics based on charge dynamics is the goal of spin-
tronics research [S]. Its large potential for future information
technology is highlighted by recently developed competitive
spintronic applications such as spin-transfer- and spin—orbit-
torque magnetic random-access memory [6-8]. Driven by
fundamental and material-science research at the same time,
future progress in spintronics crucially relies on the identi-
fication of materials with efficient spin-to-charge-current
conversion.

Central effects in this regard are the spin Hall effect (SHE)
and its inverse (ISHE) which allow for an interconversion of
spin and charge currents [9, 10]. The efficiency of this pro-
cess can be quantified by the product of the spin Hall angle
Ogy and the spin-current relaxation length Ay ;. To identify
materials with maximum ©gy and )\, one needs to be able to
screen many material candidates efficiently and accordingly
optimize spintronic device parameters. To this end, a fast, reli-
able and straightforward characterization method is thus a key
to realize future spin-based applications.

So far, most works relied on electrical measurements which
require microstructuring and electrical contacting of the sam-
ples [11-14]. This procedure is costly, time-consuming and
may complicate data interpretation due to additional contact
resistance [15]. Other established techniques such as spin-See-
beck-effect measurements do not require microstructuring but
still rely on electrical contacting [39]. Recently, non-contact
methods have been developed which are based on inductive
coupling between a microwave waveguide and the spintronic
sample [16] or on magnetooptically detected ferromagnetic
resonance [17].

Here, we present an all-optical scheme using terahertz
(THz) emission spectroscopy (TES) of metallic heterostruc-
tures together with a detailed analysis of how to extract the
key quantities ©sy and A, . The operational principle is
shown in figure 1(a): The inversion-asymmetric sample is
excited by a femtosecond near-infrared pump pulse, thereby
driving an ultrafast spin current from the FM into the NM
layer. This process can be considered as an ultrafast version
of the spin-dependent Seebeck effect. In the NM layer, the
ISHE converts the longitudinal spin flow into a transverse, in-
plane charge current [18-21]. The sub-picosecond transverse
charge-current burst leads to the emission of a THz electro-
magnetic pulse into the optical far-field where it is detected
by electrooptic (EO) sampling [22, 23]. This scenario can also
be considered as a realization of the spin-galvanic effect [24].

It is worth noting that THz emission by spintronic mul-
tilayers consisting of nanometer-thick ferromagnetic (FM)
and nonmagnetic (NM) metals has led to the development
of efficient THz emitters [19, 25-29] which are capable of
providing a broadband and continuous spectrum from 1 to
30 THz without gaps (for details see [19]). In addition, we
recently found agreement between the amplitude of the THz
field emitted from FMINM bilayers and the intrinsic spin-
Hall conductivity of the employed NM material [19]. This
observation is, however, surprising because Ogy and A can
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Figure 1. Schematic of the experiments. (a) Terahertz emission
experiment. A femtosecond near-infrared pump pulse excites
electrons in both the ferromagnetic (FM, in-plane magnetization M)
and non-magnetic (NM) metal layer. Due to the asymmetry of the
heterostructure, a spin current j is injected from the FM into the
NM material where it is converted into an in-plane charge current
Je by the inverse spin Hall effect (ISHE). The sub-picosecond
charge-current burst leads to the emission of a terahertz (THz) pulse
into the optical far-field. (b) Terahertz transmission experiment. A
THz transient Ej, is incident onto either the bare substrate or onto
the substrate coated by a thin metal film. By comparing the two
transmitted waveforms E..r and Efy,, the metal conductivity at THz
frequencies is determined.

strongly depend on the electron energy [30, 31]. Moreover,
the spin-current-injection efficiency is material- and interface-
dependent [32, 33]. These intriguing issues require a more
detailed study to establish TES of magnetic heterostructures
[34-37] as a reliable spintronic characterization tool. In the
following, we focus on two familiar spintronic metals, namely
platinum (Pt) and tungsten (W), as well as a new and prom-
ising copper-iridium alloy Cugglr,g ([38, 39]).

2. Theoretical background

In analogy to DC-spin-pumping experiments [12], we describe
the in-plane sheet charge-current density J. in the NM layer
by a simple model which yields [19, 20]

AF inc .0 dNM
= . Ar t h
d Is o v 2)\rel

Here, A denotes the absorbed fraction of the incident pump-
pulse fluence Fj,. (the latter being constant for all measure-
ments throughout this work), d is the entire metal thickness,
j% is the spin-current density (per pump-pulse excitation
density) injected through the FM/NM interface into the NM
layer, dnm is the NM layer thickness, A is the relaxation
length of the ultrafast spin-current, and Ogy is the spin Hall
angle.

Je

- Ogsp. (1)
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Figure 2. Typical THz-emission raw data and sample
characterization. (a) THz-emission signal measured from a
Cy40F40B20(3 nm)IPt(3 nm) bilayer for two opposite orientations

of the sample magnetization (£M). (b) Normalized pump-power
dependence of the THz-signal amplitude (RMS) for one orientation
of the sample magnetization. (c) Pump-light absorptance,
transmittance and reflectance as function of the Pt-layer thickness.
(d) Frequency-dependent THz conductivities measured by THz-
transmission experiments (black and red dots) along with fits
obtained by the Drude model (black and red solid lines).

Equation (1) accounts for the photoinduced injection of
the spin current into the NM layer (first term), the multiple
spin-current reflections in the NM layer (second term) and
the ISHE (last term). For simplicity, we assume a spin-cur-
rent reflection amplitude of unity at the NM/air and NM/
FM interfaces. Moreover, the spin- and energy-dependent
electron transmission [32, 33] of the FM/NM interface is
assumed to be approximately independent of the NM mat-
erial. This assumption is supported by our previous work in
which a strong correlation between THz-signal amplitude
and the spin Hall conductivity of the NM layer was found
(see figure 2 in [19]). Since the currents are driven by linear
absorption of pump photons (see figure 2(b)), we assume
that the sheet charge-current density scales linearly with the
pump-pulse excitation density A/d.

Finally, to determine the resulting THz electric field, we
assume a normally incident plane-wave-like pump pulse and
a sufficiently thin metal film (total metal thickness d minor
compared to attenuation length and wavelength of the THz
field within the metal). Under these assumptions, the THz
electric field directly behind the sample reads [19, 20]

EZ()
n +n2+ZofgdZU(W,Z)

Ernz (w) = Je (w).

@)

Here, n; and n, =~ 1 are the refractive indices of substrate and
air, respectively, —e denotes the electron charge, Zy ~ 377§}
is the vacuum impedance, and o is the z-dependent metal con-
ductivity at THz frequencies.

It is important to emphasize that the derivation of equa-
tion (2) relies on a collimated pump beam with a diameter
much larger than all THz wavelengths considered. Therefore,
the THz beam behind the sample can be approximated by a
plane wave. This condition is not fulfilled in our experiment
(see below) where the pump focus is substantially smaller than
the detected THz wavelengths, which easily exceed 100 pm.
However, as shown in the supplementary material (stacks.iop.
org/JPhysD/51/364003/mmedia), equation (2) remains valid
within a relative error of less than 3% because the apertures of
optical elements after the sample reduce the divergence angle
of the THz beam to less than 20° with respect to the optical
axis.

Equations (1) and (2) provide the key to determine Ogy
and )\ and naturally take us to the following three-step pro-
cedure: First, we characterize the involved metals in terms of
their parameters unrelated to spintronics, namely A and o (see
figure 1(b)). Second, we extract A\ by varying the NM layer
thickness in a THz-emission experiment (see figure 1(a)).
Third, we address the spin-current transmission of the FM/
NM interface. Eventually, the relative spin Hall angle Ogy
is determined by a reference measurement using the widely
studied metal Pt as the NM layer [40].

3. Experimental details

We employ femtosecond near-infrared laser pulses (central
wavelength of 800 nm, duration of 10 fs, energy of 2.5 nJ, rep-
etition rate of 80 MHz) from a Ti:sapphire laser oscillator to
excite the sample under study (see figure 1(a)). In the THz-
emission experiment (figure 1(a)), the pump beam is focused
onto the sample (spot size of 22 pm full width at half-max-
imum of the intensity). The emitted THz pulse is detected by
EO sampling [22, 23] in a standard 1-mm-thick ZnTe crystal
using a copropagating femtosecond near-infrared pulse derived
from the same laser. To saturate the sample magnetization in
the sample plane, an external field of 10 mT is applied. All
measurements are carried out in a dry nitrogen atmosphere.
For the THz conductivity measurements [41] (figure 1(b)),
the femtosecond pump pulses are replaced by broadband THz
pulses generated in a spintronic THz emitter [19]. We measure
the transmission of the THz pulse through the metallic sample
film on the substrate and through a part of the substrate free
of any metal (see figure 1(b) and supplementary material for
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Table 1. Overview of samples used for THz-emission measurements together with the corresponding reference samples. Numbers in
parentheses indicate the film thickness in nm. In the last row, d; ranges from O to 8 nm. The substrate thickness is 500 ym.

NM material Sample structure

Reference sample structure

Pt GlassllCosgFes0B2o(3)IPt(2-16)
w Glassl |C020F€60B20(3)|W(2-20)
Cugolrag GlasslIFe(3)ICuglrao(2-16)IA10.(3)

GlaSSl|C020F€60B20(3)|Pt(3)
GlassllFe(3)IPt(4)

Cu GlassllCosgFes0B20(3)l Cu(d))IPt(3)ICu(8-d,) —

Table 2. Sample details for THz-transmission measurements, along with Drude-model fit parameters opc and I', conductivity literature values

lit

0P, and substrate-thickness variation Adg,,. Numbers in parentheses indicate the film thickness in nm. The substrate thickness is 500 pm.

lit

e %pc
Material Sample (10°Sm™1)  (10°Sm™!) Ref. [ 2r102Hz)  Adgp (um)
CO4()FC4()B 20 Glass| |C040FC40B 20(3) |MgO(4) 0.6 0.7 [ 1 ] 81 —0.1
Pt Glass|IPt(10) 3.9 5.4 2] 51 5.8
CoygFegoBog GlassllCoygFegoBoo(6) 0.6 — — 25 —-73
w GlassllW(10) 1.9 2.0 (3] >100 -5.9
Fe MgOlIFe(3) IAIO«(3) 2.7 4.0 [4] >100 22
Cllg()II'z() Glassl|Cu801r20(4)|A10X(3) 1.0 2.0 [39] 64 —0.6

details). For these THz transmission experiments, we employ
a 250 pm-thick GaP EO crystal as detector.

Note that the EO signal of the THz pulse S (¢) is in gen-
eral not simply proportional to the transient THz electric field
Ern, (1) (figure 1(a)). Instead, it is a convolution of Ery,(?)
with the setup response function which captures the propaga-
tion and EO sampling [42, 43]. One can, in principle, retrieve
the THz field Ety,(¢) from the EO signal S (¢) to eventually
determine the dynamics of the charge current flowing inside
the sample [43]. Throughout this study, however, all measure-
ments are carried out under similar experimental conditions,
thereby enabling a direct comparison of the measured raw
data.

Tables 1 and 2 summarize the stacking structure of the
samples used for TES and for THz-transmission measure-
ments, respectively. Details on the sample preparation can be
found in the supplementary material.

4. Results

4.1. Typical THz-emission raw data

Figure 2(a) shows typical THz-emission raw data measured
from a Co40F40B20(3 nm)IPt(3 nm) bilayer. The signal reverses
almost entirely when the sample magnetization is reversed,
thus confirming its magnetic origin. For all studied samples,
the signal contribution being even in the sample magnetiza-
tion is found to be below 5% of the signal odd in the sample
magnetization. It might originate from sample imperfections
such as pinned magnetic domains [44], but is not considered
further as the odd signal clearly dominates. Consequently,
we concentrate only on the THz signal for one orientation of
sample magnetization.

We observe that the THz-signal amplitude (root mean
square (RMS) of the time-domain THz signal) increases line-
arly with pump fluence. This finding shows that a second-order

nonlinear process in the pump laser field is operative (see
figures 2(b) and S1), consistent with the linear scaling of the
THz sheet charge-current density with Fj,. as assumed in our
model (see equation (1)).

We emphasize that the THz waveforms emitted from all
samples exhibit similar temporal dynamics. Thus, a direct
comparison of signal amplitudes (RMS) is possible.

4.2. Optical and THz characterization

To isolate the intrinsic spin-orbit-interaction-related param-
eters from the THz-emission signal, we first measure the
optical absorptance of the pump pulse (see figure 2(c)). We
note that currents arising from a pump-induced gradient can
be neglected for thicknesses smaller than 20nm because the
larger penetration depth of the pump electric field and its mul-
tiple reflections result in a constant electric field along the
z-direction in the sample [19].

Second, we characterize the samples by THz-transmission
experiments [41]. In the thin-film limit, the THz transmission
can directly be related to the metal-film conductivity, which
we extract in the frequency interval from 0.5 to 5.5 THz.
Details of the extraction procedure are described in the sup-
plementary material. Note that we treat the multilayers as a
parallel connection of their constituents. Therefore, the total
conductance of the multilayer is given by the sum of the indi-
vidual layer conductances.

We find that all metal conductivities are well described
by the Drude model (see figures 2(d) and S3 and the supple-
mentary material for details). The DC conductivity opc and
electronic current relaxation rate I" are used as fit parameters
whose values for all involved materials are given in table 2.
Note that a slight variation in the substrate thickness Adgyp
between sample and reference THz-transmission measure-
ments is accounted for by a phase-shift term [45, 46] of the
form exp [—iw (ny — 1) Adgwp/c] with the free parameter
Adgy, (see table 2).
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Figure 3. Thickness dependence of the THz-emission signal. THz-signal amplitude (RMS) as a function of the NM-layer thickness divided
by the thickness-dependent pump absorptance for CosoFesoB2o(3 nm)IPt (markers in left panel), CoyoFegoB2o(3 nm)IW (center panel),

and Fe(3 nm)ICugplryg (right panel). Grey solid lines show fits based on equations (1) and (2) with the relaxation length A and a global
amplitude as free parameters. We obtain Ay = (1.2 £0.1) nm, (1.4 £ 0.5) nm and (2.3 & 0.7) nm for Pt, W and Cugolr,0, respectively. For
each NM material, the experimental data is normalized by the maximum amplitude.

In the following, we consider the frequency-averaged THz
conductivity in which each frequency is weighted by the rela-
tive spectral amplitude of the detected THz signal. A com-
parison of the extracted values of opc and literature values
opi. reveals a good agreement (see table 2). Deviations, such
as those in the cases of Fe and Cugglry, are most likely caused
by different thicknesses [47] or crystallinity of the films. With
this procedure, we have determined all parameters unrelated
to the spin-to-charge conversion in the NM layer (see equa-
tions (1) and (2)).

4.3. Thickness dependence

The first spintronic key parameter to be extracted is the
relaxation length A, of the ultrafast spin current in the
NM layer. To this end, we carry out measurements (see
figure 3) in which the FM-layer thickness is kept constant
and the NM-layer thickness is varied. The measured data are
divided by the thickness-dependent pump-pulse absorptance
and normalized by the maximum signal amplitude (see fig-
ures 2(c) and S2). A least-squares fit using equations (1) and
(2) with the only free parameters )\, and a global amplitude,
yields a Ay of (1.2 £0.1) nm for Pt, (1.4 £ 0.5) nm for W,
and (2.3 £0.7) nm for Cugglryy (see figure 3 and table 3).
The reduced chi-squared values of the fits are 1.11, 1.04 and
1.02, respectively. We find that the values of A, are quite
insensitive to the value of the spin-current reflection ampl-
itude at the FM/NM interface assumed in our model, thereby
underlining the robustness of our analysis.

The A values inferred here are consistent with previous
THz-emission studies on FMIPt bilayers [19]. They agree
very well with literature values from DC experiments (see
table 3). The agreement is surprising as the DC experiments
measure the DC spin diffusion length which does not neces-
sarily coincide with the relaxation length of the THz spin cur-
rent. The latter might be even shorter since spin flips usually
occur only in a fraction of all electronic scattering events [48].
Furthermore, we find an inverse proportionality between opc
(see table 2) and )\, (see table 3). However, no correlation
between the Drude scattering rate I" and the relaxation length
Arel 18 seen. These interesting observations will be addressed
in forthcoming studies.

Table 3. Spin-Hall parameters. Spin-current relaxation length Ay
along with the literature value A}, The table also provides the

ratio of the bare THz emission signals Ogy between a FMINM
heterostructure and the corresponding FMIPt reference sample as
well as the relative spin Hall angle Ogy extracted by our analysis
correcting for sample specific parameters (see equations (1) and (2))

along with the corresponding literature value @ls‘h

NM el AL om  Osy O

material (nm) (nm) Ref. (1073 (107%) (1072) Ref.
Pt 1.2 1.1 [4] — — 12.0  [40]
W 14 <3 [171 -56 —-40 —4 [17]
Cugolryg 23 <5 [38] 32 1.9 2.1 [38]

4.4. Role of the FM/NM interface

To gain insights into the role of the interfacial spin-current
transmission in the THz-emission experiment, we study sam-
ples with an intermediate layer with varying thickness. As the
material, we choose copper because it exhibits a negligibly
small SHE [32] and efficient spin current transport [49] that
can be employed for spin-switching devices [50].

In detail, we measure the emitted THz signal from
CoygFe49B2o(3 nm)ICu(dy)IPt(3 nm)ICu(8 nm-d;) stacks (see
table 1) with d; ranging from O to 8 nm (see figure 4(a)). This
choice of layer structure results in metal stacks of the same
thickness and, thus, a pump-pulse absorptance of A ~ 0.6 and
a THz outcoupling efficiency (equation (2)) which are both
largely independent of d;. Note that the Pt thickness of 3nm
is sufficient to prevent any sizeable spin-current transmission
into the second copper layer (see figure 3).

Therefore, the raw data of figure 4(a) become directly
comparable and provide a measure of the spin-current
amplitude injected into the Pt ‘detector layer’. Figure 4(b)
shows that the THz-signal strength (RMS) decreases with
increasing d;. The experimental data can be very well fit
(reduced chi-square value of 1.02) by a monoexponential
ox exp (—di [/ Awel) With Mg = (4.0 = 0.1) nm (see figure 4(b)).
We note that on one hand, this value of the THz-spin-current
relaxation length in Cu is substantially larger than for metals
with a sizeable SHE (see figure 3). On the other hand, it is
small compared to DC spin-diffusion lengths, which are on
the order of 100 nm in Cu ([51]).
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Figure 4. Role of the interface in THz-emission studies. (a) THz
waveforms emitted from CoygFe40B2olCu(d))IPtICu(8 nm-d,)
structures with fixed CoyoFe40Boo and Pt thicknesses of 3 nm and d,
ranging from 0 to 8 nm. (b) THz-signal amplitudes (RMS) versus
d; together with a single exponential fit o< exp (—d; /Awer ) With

Arel = (4.0 £ 0.1) nm. The experimental data is normalized by the
maximum signal amplitude.

Interestingly, we do not observe indications of a discontinuity
around d; = Onm. The continuous behavior suggests similar
spin-current transmission efficiencies through CoygFes0Boo/Pt
compared to CogoFesB2y/Cu and Cu/Pt interfaces. It must be
emphasized that this observation cannot be generalized and may,
in contrast, strongly depend on materials and probe frequency.
For example, recent gigahertz spin-pumping experiments on
ColCulPt revealed a strong interface dependence of the spin-cur-
rent transmission [32, 33]. Nevertheless, we note that such kind
of THz-spin-current-transmission experiments could be used to
characterize any FMINM interface involving metals. To conclude,
the results of figure 4 support our THz-emission model based on
equations (1) and (2) assuming a minor impact of the FMINM
interface.

4.5. Extraction of the spin Hall angle

As we have determined all relevant parameters in equa-
tions (1) and (2), we can extract the relative magnitude
of ©Ogpy. Figure 5 shows raw data comparing FMIW and
FMICuglryy heterostructures with a respective Pt-capped
reference sample having an identical sample architecture
(see table 1). The pump-pulse absorptance of these refer-
ences is 0.60 for CoyoFes0B2o(3nm)IPt(3nm) and 0.61 for
Fe(3 nm)IPt(4 nm)IA1IO4(3 nm).

The ratios ©gy of the bare THz-signal amplitudes (RMS) of
sample and Pt-capped reference are also displayed by figure 5.
As shown in our previous work [19], ©FY can already pro-
vide a reasonable estimate of the relative spin Hall angle Ogp.
However, as shown by equation (2), this notion holds only true

[~ CoygFegoBy |
| Ptvs W

0 g =-5.6%

Lf.’e 6

T 4
R
[72])

N 2
I
'_

0

| | | | | |
0.0 0.5 1.0 15 2.0 25 3.0
Time ¢ (ps)

Figure 5. Comparison of THz-emission raw data from Pt, W, and
Cugolryo. THz waveforms emitted from FMINM structures where
NM is W (red) and Cuglryg (orange) in comparison to a FMIPt
reference structure with the same layer thicknesses (black curves).
The values of OFY indicate the spin Hall angles of the respective
NM materials estimated by calculating the ratios of the bare THz-
signal amplitudes (RMS) and assuming a spin Hall angle of 12.0%
for the Pt reference.

if the studied materials have comparable properties in terms
of pump-pulse absorptance, THz conductivity and THz spin-
current relaxation length (see tables 2 and 3). Our detailed
analysis finally allows us to fully account for these material
parameters and to eventually extract the relative ©gy. Here,
Pt serves as the reference since it is by far the most studied
spintronic material with O = 12% [40].

Table 3 is the key result of this work: It summarizes the
extracted values of A\, and ©gy and compares them to the
ratios ©F of the bare THz-signal amplitudes. When com-
paring to reported values of Ogsy, we find very good agree-
ment for Cugglryg (2.1% in [38]). For W, the conductivity (see
table 2) indicates an « crystal phase for which a ©gy of sim-
ilar magnitude and sign has been reported [17, 52].

5. Discussion

Although the ratios ©g of the raw THz-emission signals in
figure 5 already provide a reasonable estimate of the rela-
tive spin Hall angle [19], the direct comparison between
Ogy and OFY (table 2) clearly demonstrates the need for an
advanced data analysis as provided by equations (1) and (2).
If only the raw data is considered, different optical and THz
material properties as well as a varying A, may have a signifi-
cant impact on the extracted Osy. For instance, variations by
a factor of almost 2 occur in the case of Cugglryg (see table 3).

We find good agreement between the conductivities and
spintronic parameters measured by THz spectroscopy here
and values measured by contact-based DC electrical schemes
previously. This observation and a recent study [21] of the
THz spin-Seebeck effect suggest that highly excited electrons
play a minor role in the THz emission process and that ther-
malized electrons make the dominant contribution.

As the analysis presented here is based on our model of spin
transport (equation (1)), and THz emission (equation (2)), it is
important to recapitulate its assumptions and limitations. First,
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equation (2) is only applicable for thin metal films (thickness
below 20nm), thereby ensuring a homogenous THz electric
field into the depth of the metal (thin-film approximation).
This condition is usually well fulfilled in practice. Second, in
our analysis, THz emission by the anomalous Hall effect in
the FM layer has been neglected, which, however, appears to
lead to only minor corrections [26].

Finally, the spin-current transmission coefficients through
the FM/NM interfaces are assumed to be approximately equal
for all NM metals considered here. This assumption is sup-
ported by measurements using a Cu intermediate layer, but it
is certainly important to investigate spin transmission through
interfaces for a broader set of materials and interface param-
eters. Nevertheless, the results of this study (see table 3)
clearly show that THz emission spectroscopy is a reliable tool
for contactless all-optical spintronic material characterization
with high sample throughput.

6. Conclusion

We present a detailed measurement and analysis scheme to
establish TES as a reliable, fast and efficient all-optical method
to probe spin-to-charge conversion on the femtosecond time
scale. TES has several advantages: Importantly, it allows for a
large sample throughput because of the relatively short mea-
surement time which is only about 1 min for a complete THz
waveform of the presented material combinations. Moreover,
this all-optical and contact-free approach is very versatile as
it does not require any microstructuring. It even permits the
investigation of discontinuous films such as thin gold films
below the percolation threshold [53]. We also present a prom-
ising experimental approach for FM/NM-interface character-
ization: THz-spin-current transmission measurements through
a metal with negligibly small SHE. The good agreement of
our measured spin-Hall parameters with literature values sug-
gests that thermalized electrons play a significant role in the
THz-emission process. Finally, our results suggest copper-
iridium alloys to be promising spin-to-charge-current-conver-
sion materials. Future TES studies will also aim at quantifying
the photon-to-spin conversion efficiency and the spin-current
transmission through interfaces, eventually allowing for the
determination of the absolute value of spin Hall angles.
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