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THz emission from Fe/Pt spintronic
emitters with L10-FePt alloyed interface

Laura Scheuer,1 Moritz Ruhwedel,1 Dimitrios Karfaridis,2 Isaak G. Vasileiadis,2 Dominik Sokoluk,3

Garik Torosyan,4 George Vourlias,2 George P. Dimitrakopoulos,2 Marco Rahm,3 Burkard Hillebrands,1

Thomas Kehagias,2 René Beigang,5 and Evangelos Th. Papaioannou6,7,*

SUMMARY

Recent developments in nanomagnetism and spintronics have enabled the use of
ultrafast spin physics for terahertz (THz) emission. Spintronic THz emitters, con-
sisting of ferromagnetic (FM)/non-magnetic (NM) thin film heterostructures,
have demonstrated impressive properties for the use in THz spectroscopy and
have great potential in scientific and industrial applications. In this work, we focus
on the impact of the FM/NM interface on the THz emission by investigating Fe/Pt
bilayers with engineered interfaces. In particular, we intentionally modify the Fe/
Pt interface by inserting an ordered L10-FePt alloy interlayer. Subsequently, we
establish that a Fe/L10-FePt (2 nm)/Pt configuration is significantly superior to
a Fe/Pt bilayer structure, regarding THz emission amplitude. The latter depends
on the extent of alloying on either side of the interface. The unique trilayer struc-
ture opens new perspectives in terms of material choices for the next generation
of spintronic THz emitters.

INTRODUCTION

Ultrafast spin-to-charge conversion in heterostructures composed of ferromagnetic (FM)/non-magnetic

(NM) thin films can give rise to the emission of THz electromagnetic waves (Seifert et al., 2016; Yang

et al., 2016). The experimental scheme involves the use of femtosecond (fs) laser pulses to trigger ultrafast

spin and charge dynamics in FM/NM bilayers, where the NM layer features a strong spin-orbit coupling

(Kampfrath et al., 2013; Papaioannou and Beigang, 2021). Via the inverse spin Hall effect (ISHE), the spin

current generated in the FM layer by the fs-laser pulse is converted to an ultrashort charge current burst

that gives rise to the THz radiation. The THz emission from these spintronic THz emitters (STE) has remark-

able properties in terms of signal strength and bandwidth; they are easy to use, robust, and do not require

electrical connections. Their potential for technological applications is large, while the rich physics behind

the excitation and emission has attracted scientific attention (Agarwal et al., 2021; Hawecker et al., 2021;

Zhang et al., 2020; Hoppe et al., 2021). During the last years, THz spintronic emitters have been heavily

investigated aiming to obtain large signals and spectral bandwidths and to incorporate them into THz ap-

plications (Papaioannou and Beigang, 2021; Bull et al., 2021; Wu et al., 2021). In particular, a wide range of

material properties have been studied including: different material compositions of FM/NM layers with a

variety of thicknesses (Torosyan et al., 2018; Seifert et al., 2016; Wu et al., 2017; Yang et al., 2016; Qiu et al.,

2018), ferrimagnetic/NM structures (Seifert et al., 2017; Schneider et al., 2018, 2019; Fix et al., 2020), and

antiferromagnetic metal/NM (Ogasawara et al., 2020). In addition, the impact of material interfaces was

studied by inserting non-magnetic interlayer material such as Cu,Al, Ti, Au, and ZnO layers in FM/X/NM

trilayers (Gueckstock et al., 2021; Papaioannou et al., 2018; Seifert et al., 2018; Hawecker et al., 2021; Li

et al., 2018). Furthermore, the role of interface engineering at the FM/NM interface was examined (Sasaki

et al., 2017; Li et al., 2019; Nenno et al., 2019). It was revealed in Fe/Pt bilayers (Nenno et al., 2019) that the

performance of STEs can be controlled by structurally optimizing the FM/NM interface quality and its

defect density: different defect densities result in changing the elastic electron-defect scattering lifetime

in the FM and NM layers and the interface transmission for spin-polarized, non-equilibrium electrons. A

decreased defect density increases the electron-defect scattering lifetime and results in a significant

enhancement of the THz-signal amplitude and modifies the spectrum. Further optimization of STE was

achieved by alternating the stack geometry of the STE: cascading FM/NM layers as multilayers (Wu

et al., 2017), using stacking sequence as NM1/FM/NM2 where NM1 and NM2 have opposite spin Hall
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angles (Seifert et al., 2016), inserting the STE layer as an interlayer into a metal-dielectric photonic crystal

(Feng et al., 2018), and using metallic trilayer structures with different patterned structures, interface ma-

terials, and substrates (Jin et al., 2019; Li et al., 2018; Seifert et al., 2018; Li et al., 2019; Mag-usara et al.,

2019; Hibberd et al., 2019; Kong et al., 2019; Scheuer et al., 2020). Research effort has also been focused

on a better utilization of the laser pulse energy by using different excitation wavelengths (Papaioannou

et al., 2018; Herapath et al., 2019) and exploring the optical damage threshold (Kumar et al., 2021).

This work focuses on the material aspect of the STE. In contrast to many other research efforts, that have

addressed the choice of the materials, we introduce a different direction: the concept of inducing

controlled alloyed interlayers at the FM/NM interface. We use Fe/Pt bilayers and we modify the interface

by controlling the growth temperature of the Pt layer. At specific growth temperatures, an ordered L10-

FePt interlayer appears. The Fe/L10-FePt/Pt trilayer amplifies the THz emission by almost a factor of two

compared to Fe/Pt bilayers.

RESULTS

Growth

Fe/Pt bilayers with nominal thicknesses Fe (12 nm)/Pt (6 nm) were grown on MgO (100) substrates by elec-

tron-beam evaporation in an ultrahigh vacuum (UHV) chamber with a base pressure of 53 10�9 mbar. Aim-

ing at a constant initial total thickness over all the sample series, a modification of the Fe/Pt interface quality

was induced by variation of the growth temperature of the Pt layer. The cleaning protocol of the MgO (001)

103 10mm2 substrates involved ex situ chemical cleaning with acetone and isopropanol and in situ anneal-

ing at 600�C. The incident molecular beam was aligned perpendicular to the MgO substrate with a growth

rate in the range of RFe;Pt = 0:005 nm/s, controlled by a quartz crystal oscillator during the deposition pro-

cedure. The 12 nm thick Fe film was deposited onto the MgO substrate which was heated at 300�C and

subsequently annealed at the same temperature for 30 min. This growth process of Fe has been proven

to provide the highest quality of Fe films grown in our UHV system (Keller et al., 2018).

On top of the fully formed and annealed Fe film, 6 nm of Pt were deposited at different substrate temper-

atures for each presented sample: we applied room temperature (RT), 450�C and 600�C. After the Pt layer

deposition, a annealing process similar as for the Fe layer was performed at the corresponding growth

temperature.

Structural analysis

Initially, structural investigations were performed with the help of X-ray diffraction (XRD). Figure 1 presents

XRD patterns of the three Fe/Pt samples. The notation of RT, 450�C and 600�C, that will be used

throughout the text, refers to the different growth temperature of the Pt layer. For the RT sample, diffrac-

tion peaks from the (200) crystal planes of the MgO substrate emerge at 2q = 43.01� and the related Fe

(200) peaks are observed at 65.12�. Moreover, the Pt (200) peak emerges at 46.31�. The obtained values

for both Fe and Pt are very close to theoretical peak positions indicative of an almost strain-free growth

along the growth direction. The preliminary structural characterization confirms that Fe/Pt layers grow

epitaxially on MgO (100) substrates, following the Bain orientation where the bcc Fe lattice is rotated

by 45� in-plane, with respect to the fccMgO and Pt lattices, to minimize the lattice mismatch (Papaioannou

et al., 2013; Karfaridis et al., 2020). The Fe lattice is rotated in-plane by 45� with respect to both MgO

and Pt. The XRD pattern of the 450�C sample confirms the epitaxial relationship between Fe and Pt layers;

however, the rise of an additional peak at 49.1� suggests a modified bilayer. Furthermore, the XRD graph

for the 600�C sample reveals the almost absence of Fe and Pt peaks. The appearance of new diffraction

peaks at the 24.07�, 49.1�, and 112.12� corresponds to the (001), (002), and (004) fct lattice planes of the

ordered L10-FePt, indicating that the alloy phase is now extended in a large part of the volume of the

sample.

To further investigate the findings of the XRD analysis, we have implemented nanoscale structural and

chemical analysis of the sample grown at 450�C, employing high-resolution transmission electron micro-

scopy (HRTEM), Z-contrast high-resolution scanning transmission electron microscopy (HRSTEM), and en-

ergy-dispersive X-ray spectroscopy (EDXS). Cross-sectional TEM specimens were initially wedge polished

and finally thinned to electron transparency by Ar+ ion-milling in the Gatan PIPS. HRTEM experiments were

carried out in a Jeol 2011 UHR TEM, while HRSTEM and STEM-EDXS were performed in a Jeol F200 cold

FEG TEM/STEM, both operated at 200 kV. HRTEM imaging established the formation of an interlayer (IL) at
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the Fe/Pt interface, as shown in Figure 2A, where a characteristic periodic intensity modulation is observed

and indicated by arrows. The IL extends on either side of the Fe/Pt interface to a thickness of 5–6 period-

icities. The alternating contrast of the IL could be related to the occurrence of a FexPt1–x alloy phase that

comprises a superlattice structure with high chemical ordering, such as the L10-FePt structure, when pro-

jected along the [100] or [010] axes (Futamoto et al., 2016). While the interplanar d-spacing values of the

resolved (020) and (011) crystal planes in MgO/Pt and Fe were found in agreement with their cubic bulk

counterparts, suggesting a strain-free configuration, the IL exhibits a tetragonal symmetry. As shown in

the high-magnification HRTEM image in the left inset of Figure 2A, the d-spacing values of the IL were

0.193 G 0.002 nm along the lateral direction, and 0.186 G 0.002 nm along the growth direction, which

are almost identical to the 0.1927 and 0.1856 nm d-spacing bulk values of the (200) and (002) planes of

the fct L10-FePt lattice, implying an epitaxial growth of the IL phase. The average d-spacing values were

determined by recording intensity profiles along the aforementioned directions, averaged over the whole

areas of interest. Moreover, in Z-contrast HRSTEM imaging of the IL (Cs = 0.5 mm, convergence angle

20 mrad, detector semi-collection angles 33.4–122 mrad), the alternating scattering contrast reveals the

presence of chemical ordering in monolayer-scale along the growth axis, as illustrated in the top right inset

of Figure 2A. There, heavier atoms present brighter contrast than lighter ones. In order to associate

the intensity modulation with the projection of alternate atomic stacking of Fe and Pt species along the

[001] growth axis of the L10-FePt structure, HRSTEM image simulations were performed with the

STEMSIM algorithm (Rosenauer and Schowalter, 2008), using the multislice method with absorptive poten-

tial approximation. As input, the fct L10-FePt structural model was used, projected along the [100] zone

axis, with foil thickness up to 20 nm. Image simulations [bottom right inset of Figure 2A] confirmed that,

under our experimental imaging conditions (near Scherzer defocus and z 6 nm foil thickness), the

observed intensity modulation is due to the periodic succession of pure Fe and Pt atomic layers of the pro-

jected L10-FePt lattice. Combining all these findings, the 1.9–2.2 nm thick IL is clearly identified as an or-

dered fct L10-FePt alloy, with lattice parameters a = 0.386 nm and c = 0.372 nm (c/a = 0.96), which is epitax-

ially grown following the scheme [100](010)MgO//[100](011)Fe//[001](010)L10-FePt//[100](010)Pt. Further

insight, regarding the chemical topography at the Fe/Pt interface, was obtained by STEM-EDXS observa-

tions [Figure 2B] showing an interdiffusion of the Fe and Pt layers. Indeed, the intermixing of both elements

at the Fe/Pt interface seems to trigger the formation of the L10-FePt IL at 450�C and above.

Figure 1. XRD diagrams of the samples with the Pt layer grown at RT, 450�C, and 600�C
The spectra have been vertically shifted for clarity. Epitaxial relationship for the MgO/Fe/Pt is revealed for the RT sample,

while the interlayer L10-FePt alloy is induced by an increased growth temperature.
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THz time-domain spectroscopy

The THz experiments with the Fe/Pt heterostructures were performed with a standard terahertz time-

domain spectroscope (THz-TDS), where the heterostructures were used as THz emitters. The system is

described in detail in Ref (Torosyan et al., 2018). The core of the system is a femtosecond Ti:Sa laser that

produces 22 fs optical pulses at a wavelength of 800 nmwith a repetition rate of 75MHz and a typical output

power of 500 mW, as shown in Figure 3.

The probe beam was used to excite a photoconductive antenna (PCA) with a dipole length of 20 mm acting

as THz detector. The spintronic emitter is magnetized by an external magnetic field of maximum available

value of 20mT, that was able to saturate the two samples grown at RT and at 450�C along themagnetic easy

axis direction, but not large enough to saturate the sample grown at 600�, see Figure 4. The direction of the

Figure 2. High-resolution transmission electron microscopy (HRTEM) and energy-dispersive X-ray spectroscopy

(EDXS) images from the Fe/Interlayer (IL)/Pt sample

(A) Cross-sectional HRTEM image of the 450�C sample, along the [001]MgO-Pt/[0–11]Fe zone axis. The out-of-plane

crystal planes of MgO, Fe, and Pt are indicated, while at the Fe/Pt interface, an IL with periodic intensity is denoted by

arrows. The inset on the left hand side illustrates part of a high-magnification HRTEM image obtained from the IL region,

showing that it structurally complies with the tetragonal lattice of the L10-FePt alloy with the c-axis along the growth

direction. The inset on the right hand side is an HRSTEM image obtained from the IL region, including the transition to the

Pt layer. The alternating contrast of the IL in the HRSTEM image is attributed to the chemical ordering of the L10-FePt

structure, as confirmed by the corresponding HRSTEM image simulation given directly. The [100] projected L10-FePt

structural model is superimposed on the simulated image, where the Fe and Pt atoms are indicated, depicting the

successive ordering of pure Fe and Pt atomic layers.

(B) STEM image, showing the MgO, Fe, IL (arrows), and Pt layers along with the corresponding EDXS map of the

distributions of Fe and Pt elements, revealing their intermixing at the Fe/Pt interface, that allows the formation of an

L1L10-FePt alloy IL.
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external magnetic field was perpendicular to the direction of the incident pump beam. The external field

determines the polarization plane of the generated THz waves. The Fe/Pt bilayer emits THz pulses into the

free space in the shape of a strongly divergent beam. The pump beam was focused onto the emitter from

the Pt side and a hyperhemispherical Si-lens was attached to the substrate of the emitter to collimate the

beam, see Figure 3. The so-formed conical THz beam is led to the PCA detector via THz optics. To guar-

antee comparable experimental conditions, the alignment of the THz optics and the detector is not

changed during the exchange of the spintronic emitters. Because the lateral layer structure of the hetero-

structures is homogeneous, the substrates and total thicknesses are the same and as the position of the

pump beam focus stays constant. Thus, the exchange of emitters does not influence the THz beam path

and therefore the measurement sensitivity, rendering the relative measurements comparable.

The THz emitted pulses for the 3 different samples grown at RT, 450�C, and 600�C are shown in Figure 5A.

The measurements were performed at RT under dry air conditions. The recorded voltage is proportional to

the momentary electric field amplitude of the THz wave. The THz spectral amplitude can be obtained by

Fourier analysis. The fast Fourier transform (FFT) of the time-trace signal is shown in Figure 5B. The band-

width of the PCA detector with a 20 mm dipole length is limited to a minimum frequency of 100 GHz and a

maximum frequency of 8 THz. While the lowest measurable frequency is only limited by the dipole length of

the PCA (longer dipole metallizations allow for the detection of lower frequencies), the detection of higher

frequencies is limited by the strong phonon resonances of the GaAs substrate material of the PCA (absorp-

tion of the THz radiation).

In Figure 5B above 3 THz, the well known strong THz absorption of MgO is visible due to the MgO sub-

strate. Furthermore, the absorption around 8 THz in the GaAs-detector antenna limits the bandwidth. Be-

sides, there is no need for signal correction due to substrate absorption, since the samples are grown on

substrates cut from the same wafer and can be well compared. The maximum frequency measured in these

experiments is determined by the frequency response of the dipole antenna of our photoconductive switch

detector and in our case is 1.2 THz for all of our samples.

The striking difference between the samples is the amplitude of the observed THz radiation. The largest

signal is emitted from the Fe/L10-FePt (2 nm)/Pt sample, and almost twice as large compared to the Fe/

Pt (RT) signal. The pulse for the sample grown at 600�C is clearly present but has a negligible amplitude,

see inset Figure 5A. Although we are not able to completely saturate the sample grown at 600�C (minor

loop, see Figure 4), the remanent magnetization value at 20 mT should in principal be able to provide a

detectable THz signal, if the bilayer structure was not strongly modified. The bandwidth defined at 50%

detector

chirp unitpum
p beam

chopper

beam splitter

parabolic mirrorsdelay
unit

Hyperhemispherical
Si lens

B ~ 20mT

probe beam : pump beam

probe beam
fs LASER

10 : 90

Figure 3. Schematic of the used time-domain THz spectroscopy (THz-TDS) measurement setup

The spintronic bilayer is used as the source of the THz radiation. As shown in the inset, the fs-laser pulse meets the sample

from the Pt side and the THz pulse travels through themetal layers and the substrate and then is collimated by an attached

Si-lens. That way, the collection efficiency of our system increases significantly up to 30 times. The exchange of the STEs

does not influence the THz detection since the beam path is fixed and the samples stay always on focus allowing our

system to compare different samples.
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of the maximum is similar for both the Fe/L10-FePt (2 nm)/Pt and the Fe/Pt sample. In short, the trilayer Fe/

L10-FePt (2 nm)/Pt provides the largest signal while all the samples have similar bandwidth. The epitaxial

Fe/Pt grown at RT provides a strong signal which is still smaller than that of the trilayer. Further comparison

with a bilayer Fe (12 nm)/Pt (6 nm) grown at 300�C (see Figure S4) reveals once more the superiority of the

Fe/L10-FePt (2 nm)/Pt trilayer. Although the initially relative high Fe and Pt thicknesses are expected to

generate a reduced THz emission with respect to thinner samples, (for example the optimized Fe

(2 nm)/Pt (3 nm) provides 10 times larger amplitude with respect to an optimized Fe (12 nm)/Pt (6 nm) (Tor-

osyan et al., 2018)), they allow us tominimize the large influence of thickness variations on the THz emission,

since thicker layers are insensitive to layer thickness variations of z 0.5–1 nm (Torosyan et al., 2018; Seifert

et al., 2016). This permits us to observe the influence of the extra thin alloy interlayer.

Last, as the case of the sample grown at 600�C shows, when the L10-FePt is much thicker and dominates the

whole structure, the THz emission is not enhanced. The low signal for the sample grown at 600�C could

originate from a THz polarization signal which is not perpendicular to the magnetization but only to a small

projection of the magnetization along the appliedmagnetic field. However, this is not the case. The sample

grown at 600�C is magnetically isotropic in-plane when we apply magnetic fields up to 200 mT as longitu-

dinal MOKE magnetometry reveals (see Figure S3). For the maximum applied field, coercivity as well as

remanent field remains constant independently of the orientation of the external magnetic field. The

isotropic distribution of magnetization shows that the low THz signal of the sample grown at 600�C
does not depend on the measurement geometry.

DISCUSSION

In order to understand the evolution of the THz amplitude, the various factors that can influence the THz

emission need to be properly taken into account. The far-field THz electric field amplitude ETHz, that is

experimentally measured, is proportional to the time-derivative of the local charge current jc that can be

written in the time-domain as:

ETHzf
v
R
jcdz

vt
(Equation 1)

where the charge current jc is induced by the inverse spin Hall effect and is proportional to the spin-current

jczQSHA,js. Furthermore, the integral over the thickness dz of the non-magnetic layer corresponds to the

summation over all the emitting dipoles.QSHA is the spin Hall angle. The diffusion of the charge current in
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Figure 4. Hysteresis curves, recorded with longitudinal magneto-optical Kerr effect for the three samples grown

at RT, 450�C, and 600�C
The Fe/L10-FePt (2 nm)/Pt (middle graph) has comparable magnetization reversal with respect to the Fe/Pt bilayer (left

graph) with slightly higher coercivity. The external magnetic field is applied along the easy magnetic axis of the samples.

When the alloy is the prominent phase, as for the sample grown at 600�C, there is a drastic change in the magnetization

reversal (right graph). There, a magnetic hardening of the sample with large coercivity and almost no saturation up to the

maximum available external field (200 mT) are observed.
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the NM layer depends on its spin diffusion length, lsd, and the longitudinal conductivity slong (Torosyan

et al., 2018; Seifert et al., 2016). Equally important, a critical parameter turns out to be the interface trans-

mission T accounting for the spin current transmission probability at the FM/NM interface, and the charac-

teristic spin-flip times (Nenno et al., 2019; Dang et al., 2020). Therefore, the strength of the THz emission is

expected to depend on the product fQSHA,slong,lSD,T . In the comparison between Fe/Pt and Fe/L10-

FePt/Pt, spin Hall angle QSHA and lSD are considered to be kept constant since they refer to the Pt layer

that is mainly unchanged. The alloying of the first Pt atomic layers with Fe at the interface seems to slightly

influence the electrical resistivity of the samples. Sheet resistivities have been measured with the four-point

Van der Paw technique at RT and have given values of: rRT = 1:79 3 10� 7 Um, r450 = 1:72 3 10� 7 Um,

r600 = 7:18 3 10� 7 Um. Therefore, the alloying at the interface for the sample grown at 450�C seems to

even have a reduced resistivity compared to the sample grown at RT, while the strong alloying for the sam-

ple grown at 600�Cmodifies drastically its electrical properties. In this context, the enhanced THz emission

suggests that themain factor for the enhancement compared to the RT-sample is the interface transmission

T. The larger value of T for the L10-FePt interlayer ofz2 nm thickness might indicate that the alloy enhances

the spin asymmetry between the Pt 5d band and the Fe 3d band and leads to an increased THz emission.

The possible enhancement of the interface transparency was further probed by means of the efficiency

of spin-to-charge conversion in radio frequency (ferromagnetic resonance) spin-pumping experiments
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Figure 5. THz emission of the Fe/Pt bilayers with modified interface layers as indicated

The samples are illuminated from the Pt side and the signal is detected from the substrate side with an attached Si-lens.

(A) Time-domain THz traces of the pulse train. Interestingly, the sample in the form of Fe/L10-FePt (2 nm)/Pt exhibits the

highest signal.

(B) Frequency spectra of the pulse traces as shown in (A) obtained by fast Fourier transformation.
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(FMR-SP). Although the excitation of a spin current in FMR-SP experiments is performed on different time-

and energy scales, the interface transmission represents the same physical quantity.

In spin pumping experiments, the efficiency of the interfacial spin transport at an FM/NM interface is

characterized by the so-called spin mixing conductance (SMC) g[Y, where it assumes immediate spin

flip in the NM layer. In this case, g[Y is the parameter that needs to be considered for the additional

damping by the spin pumping. However, in spin pumping experiments, the so-called effective spin mix-

ing conductance g[Y
eff is typically determined since factors like the finite resistivity and the finite spin diffu-

sion length in the NM layer and interface morphology influence the spin flow in the NM-layer. g[Y
eff , is

experimentally determined by measuring the increase in the Gilbert damping parameter a and

comparing it with the damping value of the corresponding single magnetic layer without a spin sink layer

(Conca et al., 2016; Hauser et al., 2020). The contribution of the spin current dissipation due to spin

pumping can be estimated by calculating the damping enhancement and correlating it to the g[Y
eff ac-

cording to (Keller et al., 2018):

Dasp = aFe=Pt � aFe�Ref =
gZ

4pMs dFM
g[Y
eff : (Equation 2)

where g[Y
eff is the effective SMC, which is controlling the magnitude of the generated spin current, g is the

gyromagnetic ratio, Ms the saturation magnetization of each sample, and dFM the thickness of the ferro-

magnetic layer.

The FMR-SP effect was experimentally measured by using a strip-line vector network analyzer (VNA-FMR)

(Conca et al., 2016), see also Figure S1. For this, the samples were placed face down and the S12 transmis-

sion parameter was recorded. The effective Gilbert damping parameter a was calculated by the depen-

dence of the resonance linewidth on the frequency. Typical measured absorption FMR spectra and the

determination of the damping are shown in Figure S2. The obtained values are aRT = 3:9G0:65310� 3

and a450 = 59:0G0:313 10� 3. It was not possible to measure the sample grown at 600�C by means of

FMR in the available field and frequency range (9–20 GHz).

Because the spin current leaving the magnetic layer carries away angular momentum from the magnetiza-

tion precession, it represents an additional loss channel for the magnetic system and consequently causes

an increase in themeasuredGilbert damping parameter. By comparing the calculated a-values to that of an

Fe single layer of the same thickness that was used as a reference sample (aFe�Ref = 2:15G0:15310� 3

(Conca et al., 2016)), we can calculate the additional contribution of the spin current dissipation due to

spin pumping using Equation (2). Assuming the saturation magnetization of bulk Fe, we calculated the

following g[Y
eff values: g[Y

eff�FePt = 2:21 3 1019m� 2 and g[Y
eff�Fe=FeL10 �FePt=Pt = 80:95 3 1019m� 2. The ob-

tained value for the Fe/Pt bilayer matches well previous studies of our group on similar thicknesses (Tser-

kovnyak et al., 2005; Keller et al., 2018).

The reported a- and g[Y
eff - values need to be taken with caution for the Fe/FeL10-FePt/Pt sample, since

Equation (2) is valid under the assumption that spin pumping is the dominant mechanism affecting

this dependence. However, different factors can influence the experimental estimation of the increase

in a and g[Y
eff : first of all Fe/FeL10-FePt/Pt is a trilayer composed of two ferromagnetic layers Fe and

FeL10 that are magnetically coupled. This can drive the enhancement in damping and can furthermore

induce magnetic proximity effects in Pt layer: the so-called magnetic polarization in the NM layer (Cami-

nale et al., 2016; Keller et al., 2018) can influence the observed damping and SMC estimation. Other ef-

fect are able as well as to strongly influence SMC calculation like spin memory loss effect (Rojas-Sánchez

et al., 2014) and the two-magnon scattering effect (Conca et al., 2018; Zhu et al., 2019). The aforemen-

tioned effects have been proven to influence the obtained values and even to be able to give large ‘‘un-

physical’’ values of g[Y
eff which do not correspond to a real efficient spin transport. The reported

g[Y
eff� Fe=FeL10 �FePt=Pt value has some limitations due to many factors that can contribute to this enhance-

ment so it can be only considered as an upper limit for g[Y
eff . Despite this fact, the large difference be-

tween Fe/Pt and Fe/FeL10-FePt/Pt tends to confirm qualitatively the THz spectroscopy data and support

the argument that the interface transparency is largely enhanced by the presence of the L10-FePt

interlayer.
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Conclusions

In conclusion, we have grown a series of Fe/Pt bilayers of initially same thickness and we then intentionally

reformed the interface by modifying the growth and annealing temperature of the Pt layer. At 450�C
growth temperature, we have achieved the formation of an ordered L10-FePt alloy phase at the interface.

Our findings show that the presence of a 2 nm thick L10-FePt interlayer promotes the interface transmission

and amplifies the THz emission. The unique finding of the increased THz emission in Fe/L10-FePt/Pt struc-

ture opens new perspectives in the direction of application of spintronic THz emitters and can further stip-

ulate theoretical and experimental studies.

Limitations of the study

The reported g[Y
eff - values need to be taken with caution for the Fe/FeL10-FePt/Pt sample, since Equation (2)

is valid under the assumption that spin pumping is the dominant mechanism affecting this dependence.
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Hillebrands, B. (2013). Optimizing the spin-
pumping induced inverse spin hall voltage by
crystal growth in Fe/Pt bilayers. Appl. Phys. Lett.
103, 162401. https://doi.org/10.1063/1.4825167.

Papaioannou, E.T., Torosyan, G., Keller, S.,
Scheuer, L., Battiato, M., Mag-Usara, V.K., huillier,
J.L., Tani, M., and Beigang, R. (2018). Efficient
terahertz generation using Fe/Pt spintronic
emitters pumped at different wavelengths. IEEE
Trans. Magn. 54, 1–5. https://doi.org/10.1109/
TMAG.2018.2847031. https://ieeexplore.ieee.
org/document/8405588.

Qiu, H.S., Kato, K., Hirota, K., Sarukura, N.,
Yoshimura, M., and Nakajima, M. (2018). Layer
thickness dependence of the terahertz emission
based on spin current in ferromagnetic
heterostructures. Opt. Express 26, 15247–15254.
https://doi.org/10.1364/OE.26.015247. http://
www.opticsexpress.org/abstract.cfm?URI=oe-
26-12-15247.

ll
OPEN ACCESS

10 iScience 25, 104319, May 20, 2022

iScience
Article

https://doi.org/10.1002/adfm.202010453
https://doi.org/10.1002/adfm.202010453
https://doi.org/10.1063/5.0057511
https://doi.org/10.1063/5.0057511
https://doi.org/10.1103/PhysRevB.94.014414
https://doi.org/10.1103/PhysRevB.94.014414
https://doi.org/10.1103/PhysRevB.93.134405
https://doi.org/10.1103/PhysRevB.93.134405
https://doi.org/10.1103/PhysRevB.98.214439
https://doi.org/10.1103/PhysRevB.98.214439
https://doi.org/10.1063/5.0022369
https://doi.org/10.1002/adom.201800965
https://doi.org/10.1002/adom.201800965
https://onlinelibrary.wiley.com/doi/abs/10.1002/adom.201800965
https://onlinelibrary.wiley.com/doi/abs/10.1002/adom.201800965
https://doi.org/10.1063/1.5132624
https://doi.org/10.1063/1.5132624
https://doi.org/10.1063/1.4960554
https://doi.org/10.1063/1.4960554
https://doi.org/10.1002/adma.202006281
https://doi.org/10.1002/adma.202006281
https://onlinelibrary.wiley.com/doi/abs/10.1002/pssb.201900606
https://onlinelibrary.wiley.com/doi/abs/10.1002/pssb.201900606
https://doi.org/10.1002/pssb.201900606
https://doi.org/10.1002/adom.202100412
https://doi.org/10.1002/adom.202100412
https://doi.org/10.1063/1.5048297
https://doi.org/10.1063/1.5055736
https://doi.org/10.1063/1.5055736
https://doi.org/10.1021/acsanm.1c01449
https://doi.org/10.1021/acsanm.1c01449
https://doi.org/10.1002/pssr.201900057
https://doi.org/10.1002/pssr.201900057
https://onlinelibrary.wiley.com/doi/abs/10.1002/pssr.201900057
https://onlinelibrary.wiley.com/doi/abs/10.1002/pssr.201900057
https://doi.org/10.1038/nnano.2013.43
https://doi.org/10.1016/j.tsf.2019.137716
https://doi.org/10.1016/j.tsf.2019.137716
http://www.sciencedirect.com/science/article/pii/S0040609019307424
http://www.sciencedirect.com/science/article/pii/S0040609019307424
https://doi.org/10.1088/1367-2630/aabc46
https://doi.org/10.1088/1367-2630/aabc46
https://doi.org/10.1002/adom.201900487
https://onlinelibrary.wiley.com/doi/abs/10.1002/adom.201900487
https://onlinelibrary.wiley.com/doi/abs/10.1002/adom.201900487
https://doi.org/10.1016/j.isci.2021.103152
https://doi.org/10.1088/2F1361-6463/2Faaab8f
https://doi.org/10.1103/PhysRevMaterials.3.084415
https://doi.org/10.1103/PhysRevMaterials.3.084415
https://doi.org/10.1088/2F1361-6463/2Faaab8f
https://doi.org/10.1088/2F1361-6463/2Faaab8f
https://doi.org/10.1038/s41598-019-49963-8
https://doi.org/10.1038/s41598-019-49963-8
https://doi.org/10.35848/2F1882-0786/2Fab88c2
https://doi.org/10.35848/2F1882-0786/2Fab88c2
https://doi.org/10.1515/nanoph-2020-0563
https://doi.org/10.1515/nanoph-2020-0563
https://doi.org/10.1063/1.4825167
https://doi.org/10.1109/TMAG.2018.2847031
https://doi.org/10.1109/TMAG.2018.2847031
https://ieeexplore.ieee.org/document/8405588
https://ieeexplore.ieee.org/document/8405588
https://doi.org/10.1364/OE.26.015247
http://www.opticsexpress.org/abstract.cfm?URI=oe-26-12-15247
http://www.opticsexpress.org/abstract.cfm?URI=oe-26-12-15247
http://www.opticsexpress.org/abstract.cfm?URI=oe-26-12-15247


Rojas-Sánchez, J.-C., Reyren, N., Laczkowski, P.,
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources, measurement procedures and data can be directed to the

lead contact, Dr. Evangelos Papaioannou (evangelos.papaioannou@physik.uni-halle.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d Data reported in this paper will be shared by the lead contact upon request.

d There is no original code associated with this work.

d THz optics, ultrafast spin dynamics, spin mixing conductance, THz spintronic emitters, L10-FePt alloy.

METHOD DETAILS

Ferromagnetic resonance spectroscopy and damping calculation

The dynamic properties of the Fe/Pt sample series were studied by measuring FMR using a stripline and a

Vector Network Analyser (VNA-FMR) setup (Conca et al., 2016), see Figure S1. The dependence of the reso-

nance linewidth D H on the frequency ffmr is used to determine the Gilbert damping parameter a:

m0DHFWHM = m0DH0 +
4paffmr

g
(Equation 3)

where DHFWHM is the linewidth of the resonance measured at full width half maximum (FWHM). The inho-

mogeneous broadening DH0 being related to the film quality. m0 is the vacuum permeability.

Typical examples of an FMR absortion spectrum (inset) and the experimental determination of a with the

help of Equation (3) for both Fe/Pt and Fe/L10-FePt (2 nm)/Pt are shown in Figure S2.

Moke magnetometry

Magnetic hysteresis loops were recorded employing the longitudinal magneto-optical Kerr effect

(LMOKE). The excitation was performed with laser light at l = 660 nm and at 45� oblique incidence, yielding

information about the in-plane magnetization of the films. Furthermore, by rotating the magnetic field in-

plane from 0� to 360� the in-plane magnetic anisotropy of the samples was probed. In Figure S3 the in-

plane measurements for the alloyed sample grown at 600�C are presented. No change in the magnetiza-

tion reversal was observed. The maximum available external magnetic field was not able to fully saturate

the sample.

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

MgO substrates (100)K<0.5�C

Platinum (Pt) target material

Iron (Fe) target material

Crystal

Praxair electronics

Praxair electronics

www.crystal-gmbh.com

MRCFPT0025084

MRCFFE0024268

Software and algorithms

FMR evaluation THATEC https://thatec-innovation.com/products/vna-fmr

OriginPro 2019 Origin Lab https://originlab.com

ll
OPEN ACCESS

12 iScience 25, 104319, May 20, 2022

iScience
Article

mailto:evangelos.papaioannou@physik.uni-halle.de
http://www.crystal-gmbh.com
https://thatec-innovation.com/products/vna-fmr
https://originlab.com

	ISCI104319_proof_v25i5.pdf
	THz emission from Fe/Pt spintronic emitters with L10-FePt alloyed interface
	Introduction
	Results
	Growth
	Structural analysis
	THz time-domain spectroscopy

	Discussion
	Conclusions
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Method details
	Ferromagnetic resonance spectroscopy and damping calculation
	Moke magnetometry





