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Generation of terahertz transients from Co,Fe( 4Mn ¢Si-Heusler-alloy/normal-metal nanobilayers
excited by femtosecond optical pulses
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We generated pulses of electromagnetic radiation in the terahertz (THz) frequency range by optical excitation
of Co,Fey 4Mng ¢Si (CFMS)/normal-metal (NM) bilayer structures. The CFMS is a Heusler alloy showing a band
gap in one spin channel and is therefore a half metal. We compared the THz emission efficiency in a systematic
manner for four different CFMS/NM bilayers, where NM was either Pt, Ta, Cr, or Al. Our measurements show
that the THz intensity is highest for a Pt capping. We also demonstrate the tunability of the THz amplitude by
varying the magnetic field for all four bilayers. We attribute the THz generation to the inverse spin Hall effect.
In order to investigate the role of the interface in THz generation, we measured the spin mixing conductance
for each CFMS/NM bilayer using a ferromagnetic resonance method. We found that the spin-orbit coupling
cannot completely describe the THz generation in the bilayers and that the spin transmission efficiency of the
CFMS/NM interface and the spin diffusion length, as well as the oxidation of the NM layer, play crucial roles in

the THz emission process.

DOI: 10.1103/PhysRevResearch.3.043025

I. INTRODUCTION

The detailed understanding of spin-to-charge conversion
has been gaining paramount importance due to intended ap-
plications of the effect in low-power, high-speed spin-based
electronic devices. To date, a variety of phenomena includ-
ing the spin Hall effect [1,2], the spin Seebeck effect [3.4],
and spin pumping [5] have been employed for the gener-
ation of spin currents. The spin Hall effect was predicted
theoretically in 1971 [6] and the first experimental observation
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of the inverse process was made in 1984 [7]. Since then,
it has been known that the inverse spin Hall effect (ISHE)
can be employed for the conversion of a spin current into a
charge current in ferromagnet (FM)/normal-metal (NM) bi-
layer structures [7,8]. Due to the spin-orbit coupling (SOC)
in the NM layer, electrons with opposite spin alignments are
deflected into opposite directions and create a charge current
density J. The latter is related to the spin current density J; via

Jo o Disug J; X &, (1

where Disyg is the spin Hall angle and & is the spin po-
larization direction of fs [9,10]. As demonstrated earlier
[11-13], triggering this process by femtosecond laser pulses
results in bursts of charge currents, leading to the emission of
electromagnetic transients, which show a frequency content
extending up into the terahertz (THz) frequency range. Fem-
tosecond laser pulses impinging on the bilayer first generate
mobile charge carriers. Here, ma jority-spin electrons excited
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into sp states possess a higher velocity than minority-spin
electrons excited into d states and, due to their longer mean
free path, they can reach the adjacent normal-metal layer [14].
Consequently, a nonzero spin current flows from the FM into
the NM layer. Here, in turn, the material-specific spin-orbit
coupling, leading to the spin-dependent scattering, has been
singled out as the decisive factor determining the amplitude
of a THz transient emitted from a dipolelike electromagnetic
emitter [11].

Heusler alloys are promising candidates as materials for
spintronic applications. The so-called full Heusler alloys ex-
hibit a structure of A,BC, where A and B stand for transition
metals and C stands for an element from the III to V group
of elements in the periodic table. Some Heusler alloys belong
to half metals and are supposed to show, ideally, 100% spin
polarization at the Fermi level. This is expected to result in a
substantial enhancement of the polarization of spin currents.
In addition, a low magnetic damping constant o, characteristic
for these materials [15], is a preferred parameter for spintronic
devices [16,17]. Especially, cobalt-based Heusler alloys have
received strong attention for device application, due to their
high Curie temperature [18,19]. The magnetic damping in
Co,Fe,Mn,_,Si (CFMS) depends on the stoichiometry, espe-
cially on the amount of Fe and Mn, as has been investigated in
detail in [15]. The lowest damping was found to be for x = 0.4
. Hence, CFMS Heusler alloys are an extremely promising
class of materials for effective spin injection and, therefore,
efficient THz emitters when fabricated as CFMS/NM bilayer
structures.

There are multiple physical phenomena contributing to the
efficiency of THz generation in spintronic emitters. For the
characterization of this process, the interface between the FM
and NM layers is of great importance [20]. Spins impinging
on an interface can be transmitted, be reflected, or undergo
spin-flip processes due to SOC [21,22]. Such processes can
be explored by the measurement of the spin diffusion lengths
and the spin Hall angles. However, currently available data
show a broad range of values due to different techniques and
models used for the analysis [23]. The efficiency of interfacial
spin transport is described by the spin mixing conductance
g'¥. The spin current traversing the FM/NM interface de-
cays over the spin diffusion length in the NM layer and,
depending on the relation between the layer thickness and the
spin diffusion length, spins can accumulate at the FM/NM
interface or throughout the NM layer. In addition, the spins
can get reflected not only from the FM/NM interface, but
from the NM/air interface, as well. In theoretical descriptions,
the latter effect is taken into account by considering the spin
backflow [5,24] yielding the so-called effective spin mixing
conductance. The latter can be extracted from ferromagnetic
resonance (FMR) measurements.

In this paper, we investigate the effect of the SOC, as well
as the spin transport across the CFMS/NM interface and the
spin propagation in the NM material on the efficiency of the
THz transient generation. We first study the static magnetic
properties of our bilayers using a vibrating sample magne-
tometer (VSM). Second, we compare the VSM measurements
with the measurements of the THz transient intensity at vary-
ing magnetic fields. In order to elucidate the role of the
CFMS/NM interface, we have characterized the efficiency of

spin currents traversing the interface using FMR-induced spin
pumping, from which we extracted the effective g'* value.
Finally, we also study the scaling of the measured THz peak
amplitudes with the spin diffusion length of the NM layer
and effective layer thickness, which in our sample systems is
reduced due to oxidation of the NM layer.

We find that the dominant scaling of the THz generation
efficiency with the SOC strength is strongly modified by
the interfacial spin transmission efficiency, the spin diffusion
lengths, as well as the oxidation of the NM layer, reducing the
effective thickness where the ISHE takes place.

II. MATERIALS AND METHODS

A. Fabrication of CFMS/NM samples

The bilayer samples were fabricated onto MgO(001) sin-
gle crystal substrates using an ultra-high-vacuum magnetron
sputtering system with a base pressure of about 2 x 1077 Pa.
The stacking structure was as follows: MgO substrate/CFMS
20 nm/NM 2 nm, where the composition of the CFMS layer
was Co,Fep4Mng 6Si, and the NM materials were Al, Cr, Ta,
and Pt. The MgO substrates were preheated at 700 °C prior
to the layer deposition to clean the surface and to achieve the
(001) crystal plane. The deposition temperatures were 500 °C
and room temperature for the CMFS layer and the NM layer,
respectively.

B. Experimental procedures

The samples were illuminated by 800-nm-wavelength and
100-fs-wide laser pulses generated by a Spectra Physics
MaiTai laser oscillator. The laser beam was first split into two
optical paths with a 10:90 intensity ratio. The pump beam
with 90% of the intensity was used for the generation of
THz radiation from our CFMS/NM bilayers. The detection of
the THz radiation was achieved by a low-temperature-grown
GaAs photoconductive antenna (PCA) [25-27] triggered with
the 10%-intensity probe beam. Low-temperature-grown GaAs
is well known for its subpicosecond (~150-300 fs) carrier
lifetime [28] which makes it suitable, besides for THz genera-
tion [29], also for detection in the THz range [30]. In order to
control the time delay between the pump and probe pulses, we
used a computer-controlled delay stage (DS) [see Fig. 1(a)].
After passing the DS, the pump beam was focused at a sample
surface with a fluence of the order of 6 J/cm? [for the flu-
ence dependence of the THz transient generation, see Fig. 7(b)
of Appendix A]. The THz radiation generated by the pump
pulse was first collimated by a Teflon lens and then focused
using a hemispherical Si lens (SL). The SL was placed directly
in front of the PCA, which consists of two lithographically
patterned metallic lines with integrated tips separated by a
6-um gap. The electric field of the THz radiation induces a
current between the antenna tips only within the lifetime of
the charge carriers excited by a probe pulse, allowing time-
resolved stroboscopic sampling of the THz signal amplitude.
The antenna current is first preamplified and then measured
by a lock-in amplifier. The reference frequency for the lock-in
was extracted from a mechanical chopper wheel, which was
placed in the optical path of the pump beam. The CFMS/NM
bilayers were illuminated from the NM side and the result-
ing THz transients emitted through the MgO substrate were
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Schematics of the experimental setup. (a) Laser beam paths for the generation and detection of THz radiation. (b) CFMS/NM

bilayers are illuminated from the NM side and the THz signal on the MgO side is detected; the external in-plane magnetic field points along
the y axis. (¢) The CPW transmission line with the sample placed in the middle of the structure. The external field B is parallel and the
radiofrequency (rf) field /s perpendicular to the CPW transmission line below the sample.

detected. The magnetic field was applied parallel to the sam-
ple surface and thus orthogonal to the optical axis. This
geometry results in the emission of THz transients linearly
polarized in the x direction [see Fig. 1(b)]. All THz measure-
ments are performed at room temperature.

Magnetic hysteresis curves were measured by a VSM
system supplied by Quantum Design. The magnetization was
measured at room temperature in an in-plane configuration
and the external magnetic field was tuned from —40 to
40 kA/m.

For FMR measurements, the samples were placed on top of
a coplanar waveguide (CPW) transmission line [see Fig. 1(c)].
We detected the changes of the radiofrequency (rf) signal
passing through the transmission line, i.e., the Sj, parameter,
as a function of the magnetic field and frequency using a
vector network analyzer [31]. The FMR transmission line con-
sists of a 35-pum-thick copper layer with a 0.05-pm-thick zinc
capping placed on a Rogers RO4003C board with a thickness
of 0.508 mm, leading to a CPW impedance of 51.32 Q. We
took frequency scans between 50 MHz and 20 GHz at a set
of constant magnetic fields ranging from O up to 160 kA /m.
The external magnetic field was applied in plane and parallel
to the long axis of the transmission line [see Fig. 1(c)].

III. RESULTS
A. THz transients generated from CFMS/NM bilayers

Figure 2 compiles the time- (a) and frequency-resolved (b)
THz transients collected from CFMS/NM bilayers, where NM
stands for a 2-nm-thick Pt, Ta, Cr, or Al capping layer [for
the impact of the magnetic field direction, see Fig. 7(a) of
Appendix A]. The highest THz amplitude, with the maximum
intensity at 0.69 THz and —3dB cutoff at 1.07 THz, was
obtained for a CFMS/Pt sample. For all other NMs, the THz
maximum intensity frequency is essentially the same, while
the —3dB cutoffs were 1.00, 1.04, and 1.14 THz for CFMS/Ta,
CFMS/Cr, and CFMS/AI, respectively. This observation of
varying amplitudes for different NM capping layers is in
agreement with literature [23] and is related to the material-
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FIG. 2. Measured THz transients for CFMS/NM bilayers with
NM standing for Pt, Ta, Cr, and Al (a) and corresponding FFT spectra
(b). Note in (a) the different ordinate scaling for Pt (left) and Ta,
Cr, Al (right). The samples were illuminated by laser pulses with
a wavelength of A = 800 nm, pulse duration t = 100 fs, and laser
fluence of 6 uJ/cm?. The laser pulse was impinging at the capping
layer under an angle of approximately 5 ° with respect to the surface
normal. The transients are all measured in an in-plane magnetic field
of 16 kA/m applied in the same direction.
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TABLE I. Absolute [ATH#™4)] and normalized [ATH2("™)] THz amplitudes for different metallic capping materials. The ATH#®orm) are
normalized to the THz amplitude for Pt capping ATHZPV, Z4mom) yajyes in the fourth column were also normalized to Z*®). 47 My values
from FMR measurements represent the effective saturation magnetization of the samples. Columns 6 and 7 show damping constants o and
effective spin mixing conductances glé respectively, both extracted from FMR measurements. Column 8 shows the spin diffusion lengths

taken from the included references.

ATHL(meas) (H«V) ATHz(norm) Z4(norm) 47TMS (kA/m) et glflf (1018 m—Z) }“sf (nm)
Al 10£2 0.035 7.72 x 10~* 1180 + 2 0.0051 = 0.0005 2.8+0.5 490 [32]
Cr 33+£2 0.052 0.009 1182 +£3 0.0059 =+ 0.0003 3.7+05 13.3 [33]
Ta 63 £2 0.108 0.77 1166 + 1 0.0065 + 0.0004 39405 1.9 [34]
Pt 501 £2 1 1 1191 + 1 0.0071 £ 0.0004 52407 7.3 [34]

dependent spin Hall angle [Disyg in Eq. (1)] that leads to
a difference in the spin-to-charge conversion efficiency. The
spin Hall angle is determined by the material specific SOC of
the NM, which scales with Z*, where Z is the atomic number.
Therefore, the highest and the lowest signal is expected for
Pt and Al, respectively [2]. In Table I, we compile the mea-
sured THz amplitudes ATHz(meas) - aq well as the normalized
amplitudes ATH2("™) and Z# values, both normalized to the
corresponding Pt values.

Our results are consistent with those in [12], as the inverted
peaks in Fig. 2(a) reflect that Pt and Al have a reversed sign of
the spin Hall angle compared to Ta and Cr.

To investigate the influence of the magnetic field on the
THz generation, we measured the THz peak amplitude ATH?
of CFMS/NM bilayers as a function of varying magnetic field
for all four capping layers. Figure 3 shows the amplitude
ATH?(H) and the magnetization M(H), both as a function
of the magnetic field H, displaying almost exactly the same
hysteretic behavior. We note that all ATH#"™) hystereses ex-
hibit a substantially sharper transition between two opposite
THz peak polarities, as compared to the reversal between the
two antiparallel magnetization orientations measured by the
VSM. We attribute this difference to a different geometry and
volume of the probed samples. The VSM measurements probe
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FIG. 3. Comparison of the magnetization (black symbols) and THz peak amplitude (color symbols) hystereses under variation of the
external magnetic field for CFMS/NM bilayers with different NM capping materials. The diameter of the laser-beam focus spot for the THz
measurements was 200 um (1/¢* beam waist).
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the entire sample volume of the magnetic film with an area in
the range of 20 to 30 mm?. In contrast, the 1/¢*> beam waist
of a laser pulse impinging on the sample during THz measure-
ments is about 200 pwm, hence the probed area differs by two
orders of magnitude. Therefore, the magnetization reversal
recorded by VSM measures a magnetization averaged over
all domains and domain walls, as well as all inhomogeneities
of the microstructure including, e.g., crystal or magnetic de-
fects and the roughness of the film. Furthermore, the sample
edges are also included, where domain walls can be pinned,
consequently smoothing out the magnetization reversal. On
the other hand, THz measurements probe locally a small
sample volume, which does not include the sample edges,
or, e.g., pinning centers so that the effects of defects will be
less pronounced, therefore resulting in a sharper transition of
A™M2(H) compared to M(H). The impact of the magnetic
in-plane anisotropy on the ATH#(H) loops is shown in Fig. 8
in Appendix B.

B. Magnetic damping

The properties of the Heusler alloy/NM interface play an
essential role in the efficiency of the THz generation. The
interfacial spin transport can be affected by multiple effects,
including electronic structure mismatch, surface roughness,
and material interdiffusion, the latter two affecting the sharp-
ness of the interface. It was observed by Singh et al. that
CFMS Heusler alloys capped with Pt show a high interface
transparency of 84% resulting in a high spin mixing conduc-
tance [35]. The interface transparency describes the ratio of
the transmitted spin-polarized electrons to all the electrons
reaching the interface. Therefore, Pt appears to be a well-
suited material for Heusler alloy/NM devices requiring high
interface transparency.

In order to characterize the CFMS/NM interfaces and the
efficiency of the injection of a spin current into a NM layer,
we generated spin currents by spin pumping via ferromagnetic
resonance. In this approach, the rf signal applied to the trans-
mission line leads in the ferromagnetic CFMS layer to a driven
spin precession around the direction of an external magnetic
field and continuously pumps spin angular momentum into the
NM layer [see Fig. 1(c)]. While localized spins are precessing,
they can align the spins of the delocalized electrons. This re-
sults in an increased spin accumulation §m in the CFMS layer
and hence to a gradient across the interface, which leads to a
spin current from the CFMS into the NM layer (see Fig. 4). At
the FMR resonance frequency, the absorption of the rf signal
is maximal, which is reflected by an absorption dip in the
frequency scan. Figure 5(a) shows a series of such absorption
dips in frequency scans from 0.5 to 20 GHz, measured for var-
ious applied static magnetic fields as indicated. The increase
of the resonance frequency versus the external magnetic field
is shown in Fig. 5(b) as an inset. The resonance frequency fres
of an in-plane magnetized film in a static in-plane magnetic
field H is given by the Kittel formula:

fres = %J(HK YH)Hx + H +4nMap). ()

where y is the gyromagnetic ratio, Hk is the anisotropy
field, and 47 M is the effective magnetization of the sample

Pt MgO

X

FIG. 4. Schematic sketch of spin pumping via FMR. The rf field
induces precession of the localized spins in the CFMS layer around
the magnetization direction M. These, in turn, are able to polarize
the delocalized electrons, which leads to a spin accumulation §m (red
curve) inside the CFMS layer. The gradient of §m into the Pt layer
causes a spin current J; across the interface [43].

[36]. After fitting the experimental f..s(H) dependence in the
Fig. 5(b) inset with Eq. (2), the derivative % can be
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FIG. 5. (a) Frequency sweeps from 0.5 to 20 GHz with typical
resonant absorption dips for several external magnetic field values.
For reasons of clarity, not all measured absorption curves are shown.
(b) Extracted magnetic field linewidths AH calculated using Eqs. (2)
and (3) vs the resonance frequencies f.s for Pt capping. The inset
shows the increasing resonance frequency vs the external applied
magnetic field for all capping layers.
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calculated and allows one to convert the frequency linewidth
of the resonance into the field linewidth AH [37]:

(3 fus(HD)\
AH_(B—H) Af. (3)

We observe a linear increase of AH with increasing res-
onance frequency fi, as seen in Fig. 5(b). We included the
AH (fs) dependence for all CFMS/NM structures in Fig. 9 of
Appendix C. In general, AH (fis) can be expressed by [35,37]

4 € res
AH = AHy + 7 %ettfies. ()
y

where AH, is the inhomogeneous broadening, which is re-
lated to the degree of magnetic and structural inhomogeneity
of the sample, and «.¢ is the effective intrinsic damping
constant. We can extract oy from our data by fitting the
AH (fs) dependence with Eq. (4) [see solid lines in Fig. 5(b)
and in Fig. 9 of Appendix C]. In the presence of an adjacent
nonmagnetic layer, the intrinsic damping constant o of a
bare CFMS film is enhanced by A« due to spin pumping,
yielding oer = a9 + Ac. Finally, the effective spin mixing
conductance glflf is related to A« via [35]

ol = 47 Mtcems
eff SUB

Here, tcpuvs is the thickness of the CEMS Heusler layer, g is
the Landé factor, and 5 is the Bohr magneton. We extracted
aefr from the experiment, as described above, and took «g
from [38], where some of the present authors investigated
CFMS films of the same thickness prepared by cosputtering
from CoMnSi and CoFeSi targets. We stress that the effec-
tive spin mixing conductance ggf takes into account a broad
range of processes contributing to spin-flip processes at the
interface, as well as spin backflow of the spins arising from
the reflection at the NM/air interface. The extracted damping
constants o, and the effective spin mixing conductances g;ff
for the different capping materials are listed in columns 6
and 7 in Table I. We observe the highest glflf value for the
sample CFMS/Pt followed by the CFMS/Ta, CEMS/Cr, and
CFMS/AL, as can be also seen in Fig. 6.

Aa. (®)]

IV. ANALYSIS AND DISCUSSION

Below, we consider the role of spin-orbit coupling, ef-
fective spin mixing conductance, spin diffusion length, and
effective NM layer thickness in the THz generation process in
CFMS/NM bilayers.

To characterize the conversion efficiency of a spin current
into a charge current via the ISHE, the Disyg value in Eq. (1),
for the different capping materials, is a decisive parameter. It
was shown in an extensive study by Wang et al. [34] that Dispg
varies with the spin-orbit coupling and, thus, scales with Z*.
Considering the Z* values listed in Table I, it becomes clear
that CFMS/Ta and CFMS/Pt are expected to show substan-
tially higher THz amplitudes, as compared to CFMS/AI and
CFMS/Cr. In addition, the THz transients in Fig. 2 reveal that
the polarity of the THz transient peak amplitudes for CFMS/Pt
and CFMS/AL is opposite to that of CFMS/Ta and CFMS/Cr
samples. The latter is attributed to the spin polarization at the

- Z4 gL Ovgdteumm) tanh(ty/(20)) P
» 1.0 ¢ glf#
3 : e ATH Ta
S z' J }
3
R 05- + i
[y}
£ *
00/ % [
Al Cr
10 20 30 40 50 60 70 80

z

FIG. 6. Normalized THz amplitude A™#™™) (green circles),
Z dependence of SOC Z*™™ (yellow triangles and line), and
effective spin mixing conductance g/t™™ (blue diamonds) as a
function of atomic number Z for all four NM materials used as
capping layers. Z* dependence of SOC is weighted with the factors
(Xt /tenynm tanh v /(2A4)] and glé(mrm) (purple stars and line) to
take into account the spin transmission efficiency of the CFMS/NM
interfaces, the effective (nonoxidized) thickness of the NM layer, and
the spin diffusion length of the different capping layers, respectively.
All values of ATHom) | Zz4(om) | oTHIOM™) 5q wel] as the weighted
Z* dependence are normalized to the corresponding values for the Pt

capping.

Fermi level, which shows a different sign for a less-than-half
or more-than-half filled d shell and is in agreement with the
Disye values reported in [23]. Figure 6 displays the THz
amplitudes ATHZ"o™) (oreen circles) and the Z*™™) values
(yellow triangles) (proportional to the spin-orbit coupling) as
a function of the atomic number Z, both normalized to the
Pt values. The dependences show a close agreement for Al
and Cr capping; however, the amplitude ATH2"™) for the Ta
capping is substantially lower than expected, when consid-
ering exclusively the SOC dependence. Moreover, the FMR
measurements reveal that Ta not only shows a large SOC but
exhibits also a large glé value (blue diamonds in Fig. 6).
Both parameters suggest that the THz transient amplitude
for CFMS/Ta should reach ~80% of the amplitude of the
CFMS/Pt bilayer system, which is contrary to our experi-
ments, as is shown in Table I. The THz transient amplitude of
CFMS/Ta is only ~12% of the amplitude of CFMS/Pt. In or-
der to elucidate this discrepancy, we consider the spin current
propagation inside the NM layer by taking into account the
spin diffusion length Ay of the NM material and the thickness
of the bilayer system tgy/nm. Literature values for Ay for our
capping materials are included in Table I. It is immediately
clear that the spin diffusion length in Ta is the shortest of all
materials. It is even shorter than the nominal thickness of our
Ta layer. Considering the thickness of the bilayers we took
into account that the NM layers are partly oxidized, which
leads to a reduction of the effective thickness of the NM layer,
where the ISHE takes place. This becomes especially impor-
tant for the CFMS/Ta and CFMS/AL bilayers. The thicknesses
of the oxidized layers were determined by x-ray reflectivity
(XRR) measurements and can be found in Fig. 10 in Ap-
pendix D. The XRR results compiled in Table II of Appendix
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D indicate that approximately 2/3 of the Ta and Al capping
layers are oxidized, which means that the effective thickness
of the pure metallic layer is reduced for the CFMS/Ta and
CFMS/AL bilayers. If we look at the dependence of the ISHE
efficiency on the heavy metal (HM) layer thickness in [39,40],
we see that for Ta the ISHE is maximum at approximately 2.7
nm (which equals the spin diffusion length in these references)
and the efficiency of spin-to-charge conversion sharply drops
for thinner films. Therefore, when comparing the results for
the different sample systems, we have to take into account
the different effective thicknesses of the HM layers, where the
ISHE is taking place, i.e., the nonoxidized thickness of the Ta
and Al layers. The Cr layer of the CFMS/Cr sample is also
likely to be partially oxidized. However, no oscillation was
observed in the XRR measurements of the CFMS/Cr bilayer,
and consequently the nonoxidized Cr thickness could not be
extracted and accounted for when comparing the different
CFMS/NM bilayers.

Hence, we weighted the Z* values, representing the
material dependence of the SOC, first, by the factor
(Ast/tem/nm)tanh[tnm/(2A¢)], which accounts for the spin
diffusion length in the NM material and the effective NM
layer thickness as in [41], and, second, by the factor gZé,
which takes the spin transmission efficiency of the CFMS/NM
interface into account. fgv/nm is the total thickness of the
metal film, i.e., the thickness of the CFMS layer plus the
effective, nonoxidized NM thickness #yy. The comparison
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THz transients measured with the external field applied at 0° and
45 ° for CEMS/Pt. (b) Magnetic hysteresis loops M (H) measured by
VSM with the external field applied at 0 ° and 45 ° also for CFMS/Pt.

of the weighted Z* values (purple stars and line) with the
normalized THz amplitudes (green circles) is presented in
Fig. 6 and clearly shows, as expected, that the weighted value
for Ta is closer to the experimental ATH#m™) for CFMS/Ta.

Our analysis reveals that the SOC is not the only parameter
affecting the THz transients, but A, the effective fyv, and gZ#f
must also be taken into account when describing THz genera-
tion in CFMS/NM bilayers. The small remaining discrepancy
in the case of the Ta capping suggests that additional processes
may still be part of the full physical picture.

On the other hand, and interestingly enough, although the
SOC for Al is very low, only 0.077% of the Pt value, we ob-
served a THz signal for a CFMS/Al bilayer with the amplitude
of approximately 3% of ATH#®V j e . two orders of magnitude
larger than expected. In order to explore the possible reason
for this surprisingly large THz amplitude for Al capping, we
studied the magnetic and structural properties near the inter-
face regions of all bilayers using x-ray absorption near-edge
structure (XANES) and x-ray circular magnetic dichroism
(XMCD). XANES spectra of the Mn absorption lines in
Fig. 11 in Appendix E show several side peaks for the sample
with Al as the capping NM material that are not present for
the other capping layers. These side peaks indicate a more
localized condition of the Mn 3d electrons in the CFMS/Al
bilayer, which is caused by interdiffusion of Al atoms into the
CFMS interface region. In [41,42], THz signals from FM/NM
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FIG. 9. FMR field linewidths AH vs the resonance frequencies f;.s for all capping materials. The solid lines are fits with Eq. (4) of the

main text.

bilayers were investigated for different interface properties.
It was found that the THz signal amplitudes were increased
for annealed samples, which was attributed to the increased
interdiffusion in the interfacial region. The counterintuitive
increase of the signal amplitude has been explained by skew
scattering within the interdiffusion layer, which leads to the
deflection of majority-spin and minority-spin electrons into
opposite directions. Although this additional skew scattering
process reduces the overall spin current density in the NM
layer, a stronger ISHE and thus larger amplitudes of the THz
transients are observed.

V. CONCLUSION

We have demonstrated the emission of THz transient ra-
diation from bilayers formed by 20 nm of the half-metallic
Heusler alloy Co,Fe 4Mn ¢Si capped with 2-nm-thick metal-
lic layers of either Pt, Ta, Cr, or Al. Experimental signatures,
such as the magnetic field dependence (see Figs. 3 and 7 in
Appendix A), point directly to the ISHE as the mechanism
of THz generation. The evolution of the THz transient am-
plitude with the external magnetic field follows the magnetic
hysteresis loop very closely and allows the tuning of the THz
amplitude and polarization by manipulating the magnetization
amplitude and orientation inside the sample with an external
field.

Our measurements revealed that the highest THz transient
amplitude is generated by CFMS/Pt bilayers due to the largest
spin-orbit coupling in Pt. The THz amplitudes of the other
bilayers decrease in the order expected according to the Z*
scaling of the SOC. Nonetheless, our investigations show
substantial discrepancies between the measured and expected
Z* scaling of THz amplitudes in the case of Ta and Al capping
layers. In order to gain much more comprehensive insight into
the physical processes affecting the THz transient generation
efficiency, we first focused on the role of the CFMS/NM inter-
face by evaluating the effective spin mixing conductance glfif,
which specifies the efficiency of the interfacial spin transport.
Although CFMS/Ta shows a strong SOC and a large ngﬁ, un-
expectedly it exhibits the low value of ATHT) = (0, ] ATHAPO,
We show that the influence of the spin diffusion length in
CFMS/Ta is small and ascribe the low THz transient peak
amplitude to the oxidation of the Ta layer, which reduces the
effective thickness of the Ta layer. In contrast to the CFMS/Ta
bilayer, for which we measured a THz amplitude lower than
expected based on Z* scaling of the SOC, we observed that
the THz amplitude for CFMS/AI bilayers exceeds the ex-
pected value by two orders of magnitude, which we, based on
XANES measurements, attribute to elemental interdiffusion
at the interface. The effects considered—reduced effective
NM thickness due to oxidation, spin diffusion lengths of the
NM layers, and interfacial interdiffusion leading to increased
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skew scattering—are not necessarily independent and can in
total result in either suppression or enhancement of the THz
transient signal. Further investigations of the interface charac-
teristics as well as thickness-dependent studies can improve
the overall understanding of the efficiency of THz transient
generation from FM/NM multilayers.
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APPENDIX A: THZ EMISSION CHARACTERISTICS

We observed a flip of THz polarity when reversing the
applied in-plane magnetic field direction, which is a character-
istic behavior for THz transients generated by the ISHE, due
to reversed spin polarization in Eq. (1) of the main text [see
Fig. 7(a)]. Additionally, we observed a linear scaling of the
THz amplitude with the laser fluence at the sample position as
shown in Fig. 7(b).

APPENDIX B: MAGNETIC ANISOTROPY

We measured the hysteresis loops of a CFMS/Pt sample
with the magnetic field applied at an azimuthal angle of 0°
and 45° by VSM and compared them with the hysteresis
of the THz transient amplitudes measured with the magnetic
field applied at the same angles (see Fig. 8). In both cases,
we observe an easy-axis loop at 0° and the behavior of an
intermediate hard axis loop at 45 °.

APPENDIX C: FERROMAGNETIC RESONANCE

From ferromagnetic resonance experiments, we extracted
the magnetic field linewidth AH of the resonance, as ex-
plained in the main text. The AH scales linearly with the
resonance frequency fr.s. We used Eq. (4) of the main text
to fit the AH(f.s) data points and extracted the effective
damping constant o.s. The AH(fis) dependences and the
linear fits are shown in Fig. 9 for all our CFMS/NM bilayers.

APPENDIX D: X-RAY REFLECTIVITY MEASUREMENTS

To investigate the thickness of the NM layers we per-
formed XRR measurements on the CFMS/Pt, CFMS/Ta, and
CFMS/ALI bilayers. The obtained results and fits with the
software GlobalFit by Rigaku Corp. [44,45] can be found in
Fig. 10. In the XRR fitting procedure we assumed that the
Ta and Al layers are composed of a pure metallic layer plus
a corresponding layer of a metal oxide. The results indicate
the presence of a TaO as well as an AlO oxide layer. The
thicknesses of the oxidized and nonoxidized parts of the layers
are listed in Table II. The XRR results also indicate some devi-
ation from the target thickness of 2 nm. The total thicknesses
of Pt, Ta-TaO, and Al-AlO capping layers were in reality 2.2,

Fitting_/

b (a) CFMS/Pt

Normalized Intensity

[ (b) CFMS/Ta

I (c) CFMS/AI
0 1 2 3 4 5
26 (degree)

FIG. 10. XRR results (red) and fits (blue) for (a) CFMS/Pt, (b)
CFMS/Ta-TaO, and (c) CFMS/AI-AIO layer systems.

3.5, and 0.5 nm, respectively. The deviations from the nominal
values may be due to errors in the calibration of the deposition
rates (especially critical for layer thicknesses in the range of a

TABLE II. XRR fitting parameters for the CFMS/Pt, CFMS/Ta-
TaO, and CFMS/AI-AIO layers. For the bilayers with Al and Ta
the NM layers are assumed to be composed of a pure layer and an
oxidized layer. The table shows the thickness of the layers in nm, as
well as the used density and roughness of the layers.

Thickness (nm) Density (g/cm?®) Roughness (nm)

CFMS/Pt

MgO substrate 3.58463 0.82
CFMS 18.7 7.49 1.13
Pt 22 20.3 0.73
CFMS/Ta

MgO substrate 3.58463 0.67
CFMS 18.6 7.52 1.56
Ta 1.2 154 0.61
TaO 2.3 7.6 0.85
CFMS/Al

MgO substrate 3.58463 0.84
CFMS 19.3 7.6 0.6
Al 03 2.5 0.1
AlO 0.2 34 2.0
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FIG. 11. XANES (top row) and XMCD (bottom row) spectra for the element-sensitive investigation of structural and magnetic properties
of the CFMS close to the interfaces with the Al, Cr, Ta, and Pt capping layers (dark to light color line).

few nanometers) and, for Al and Ta, due to a volume change
upon oxidation. We note that although the XRR fitting for the
CFMS/AI-AIO sample is not perfect, we are confident that
the estimated thicknesses can be considered reliable, because
the oscillation period is reproduced. The deviations from the
fitting may be due to the inhomogeneity of the AIO layer,
which cannot be explained by a single and constant value of
the density.

APPENDIX E: XANES AND XCMD INVESTIGATIONS

To study the structural and magnetic properties of a CFMS
Heusler alloy near the interface to the NM, XANES and
XMCD measurements were performed at BESSY II [46,47]
in the experimental “ALICE” chamber of the PM3 beamline
[48,49]. The measurements were performed at 300 K in re-
flection with 20° grazing incidence angle, allowing a probing
depth of approximately 2 nm at 300 K. The degree of circular

polarization was 92% and the energy resolution was 0.14 eV
at the Fe edge. The maximum field applied to the sample
was 27 mT, and the XMCD results, shown in Fig. 11, were
retrieved from the subtraction of spectra at positive and neg-
ative fields. The spectra suffer from saturation effects which
become more pronounced for heavy elements. The spectra
have been shifted vertically for better visibility and a satu-
ration correction is included. We can see a large increase in
the XCMD at the Mn absorption edge from Al to Cr, and only
very small increase between the Ta and Pt. This only small
difference can be due to the saturation effects. From the Mn
XANES spectra it is evident that the Al-capped sample shows
more localized 3d states compared with spectra of Cr, Ta, and
Pt. Several small satellite peaks next to the L; peak at about
642 eV are clearly visible. In contrast, Co and Fe XANES
spectra show a similar structure for all capping layers. The
more localized Mn 3d states in the Al-capped sample indicate
interdiffusion of Al atoms into the CFMS layer.
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