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Dear Editor of Journal of Magnetism and Magnetic Materials: 

 

herewith we would like to submit our manuscript titled “Generation of Terahertz Transient from 

Co2Fe0.4Mn0.6Si Heusler alloy/ Heavy-Metal Bilayers“ for publication in the Journal of 

Magnetism and Magnetic Materials. 

 

Heusler alloys have been long identified as one of the most interesting class of materials for spin-

based electronics. Demonstration of efficient THz generation in these materials may lead to an 

interesting merge of low power- and high frequency applications. 

 

In our manuscript we show that Co2Fe0.4Mn0.6Si Heusler alloy/Heavy Metal (CFMS/HM) 

nanobilayers generate THz radiation when excited by femtosecond laser pulses.  

 

We find that the amplitude of the generated THz transients is surprisingly larger in CFMS/Pt 

compared to CFMS/Ta. We observe that the amplitude in both bilayers flips sign when reversing 

the direction of an external magnetic field and follows the magnetization in the sample. We show 

that the THz amplitude is increased when cooling the sample down to 100 K, which is in 

agreement with increasing magnetization in the sample. 

 

In addition, we employed ferromagnetic resonance experiments in order to gain deeper insight 

into the conditions affecting efficiency of THz generation. We found that the spin-orbit coupling 

cannot completely describe the THz generation process in the bilayers and that the spin 

transmission efficiency and the spin diffusion length in the NM play crucial roles in the THz 

emission process.  

 

As our detailed research brings new light into the THz generation in Heusler alloy/Hevy Metal 

bilayers, we feel that our manuscript is very suitable for publication in Journal of Magnetism and 

Magnetic Materials.  

 

 

 

Sincerely, Sarah Heidtfeld, and Roman Adam on behalf of all authors 
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Abstract—We generated pulses of electromagnetic radiation with a frequency content up to three 

terahertz (THz) by optical excitation of Co2Fe0.4Mn0.6Si Heusler alloy/heavy metal bilayers 

(CFMS/HM) using fs-laser pulses. We attribute the generation process to the inverse spin Hall effect. 

We compared the THz emission efficiency in CFMS/Pt and CFMS/Ta bilayers due to their high spin-

orbit coupling of Pt and Ta. Surprisingly, our data reveal that CFMS/Pt shows substantially larger 

THz amplitudes compared to CFMS/Ta. Both bilayers exhibit a tunability of the THz amplitude by 

external magnetic field both at 300 K and 100 K. Ferromagnetic resonance measurements demonstrate 

that CFMS/Ta has a high effective spin mixing conductance, describing the efficiency of interfacial 

spin transport. We observe that the efficiency of the THz radiation cannot be solely described by the 

spin-orbit coupling strength and the spin diffusion length in the HM material plays an important role. 

I. INTRODUCTION  

The conversion from spin- to charge-currents attracted increasing significance for the future use in spin-based 

electronic devices operating at high speeds. The inverse spin Hall effect (ISHE) is a process that results in 

the conversion of a spin current 𝐽𝑠  into a charge current 𝐽𝑐, with the spin Hall angle 𝐷ISHE describing the 

conversion efficiency 𝐽𝑐  ∝  𝐷ISHE (𝐽𝑠 × 𝜎)⃗⃗⃗⃗⃗ . Here �⃗�  are the spin matrices defining the spin polarization 
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direction of 𝐽𝑠 [1, 2]. It has been demonstrated earlier that, in laser illuminated ferromagnet (FM)/heavy metal 

(HM) bilayers, the ISHE can be used for the generation of picosecond electromagnetic transients with a 

frequency content extending up to the terahertz (THz) frequency range [3]. 

In the present work we fabricated Co2Fe0.4Mn0.6Si (CFMS)/HM bilayers with HM standing either for Pt or 

Ta. The CFMS Heusler alloy is a half-metal with a bandgap in one spin channel that exhibits 100% spin 

polarization at the Fermi level, in the ideal case. This unique feature is expected to result in a substantial 

enhancement of the interfacial spin current polarization [4] compared to a standard FM/HM bilayer emitter. 

 

II. RESULTS 

We used laser 100-fs-wide laser pulses at 800 nm wavelength to illuminate CFMS/HM bilayers from the HM 

side, with a laser fluence of 6 µJ/cm². The generated THz transients, detected at the MgO substrate side, were 

first collimated and then focused onto an antenna detector patterned on top of LT-grown GaAs. When 

comparing the THz transients, we observed that the THz transient amplitude 𝐴THz(Ta) for CFMS/Ta was only 

𝐴THz(Ta)   0.1 𝐴THz(Pt)  [see Fig. 1(a)]. Furthermore, we noted a reversed polarity of the THz transient 

amplitude of Ta compared to Pt - in agreement with spin Hall angles from literature [5]. To investigate the 

origin of the THz transients we reversed the externally applied magnetic field direction and observed an 

opposite polarity of the transient amplitude (not shown). We therefore ascribe the generation process of THz 

transients from CFMS/HM bilayers to the ISHE. The spin Hall angle describing the efficiency of the ISHE 

depends on the material-specific spin-orbit coupling (SOC), which scales approximately with 𝑍4, where Z is 

the atomic number. This means that 𝑆𝑂𝐶(Ta)  0.77 𝑆𝑂𝐶(Pt). We note that if the THz transient amplitude 

was determined solely by SOC, the same ratio should be expected for the THz amplitudes 𝐴THz. 



   

 

 

Figure 1(b) shows the THz transient amplitude 𝐴THz(Pt)(𝐻) (red dots) and the sample magnetization (blue 

dots) of CFMS/Pt bilayer as a function of the magnetic field. The sample magnetization was measured by a 

vibrating sample magnetometer (VSM). We observe that the THz amplitudes measured for each transient 

follow the magnetization of the sample and show a very similar hysteretic behavior, as seen for a Py/Pt bilayer 

in [6]. The difference in the sharpness of the reversal can be explained by a different sample volume probed 

by the two measurement techniques. 

When cooling down the sample system to a temperature of 100 K, we observed that the shape of the THz 

transient of the CFMS/Pt bilayer remains unchanged, whereas the amplitude is increased compared to the 

signal at 300 K, see Figure 2(a). We observed an increase in the THz transient amplitude of (8 ± 5) % at 100 

K. This agrees with the magnetization increase seen in VSM measurements of (4.4 ±0.1) %.  

 

Fig. 1. (a) THz transients generated by CFMS/Pt (green) and CFMS/Ta (yellow) bilayers. (b) Normalized THz 

amplitude from CFMS/Pt bilayer as a function of the in-plane magnetic field (red) and the normalized magnetization in 

the sample measured by a VSM (blue).  



  

 

 

 

In order to investigate the spin injection from the CFMS into the HM layer we employed ferromagnetic 

resonance (FMR) to generate spin pumping across the interface.  We placed the samples on top of a coplanar 

waveguide and measured the S12 parameter as a function of frequency, between 50 MHz and 20 GHz at 

different externally in-plane applied magnetic fields, see Figure 3(a). Fitting of the FMR linewidth versus 

the resonance frequency allows the extraction of the effective spin mixing conductance 𝑔𝑒ff
↑↓ , a parameter 

defining the interfacial spin transport efficiency [7]. Figure 3(b) shows the normalized THz transient 

amplitudes of the two tested sample systems (yellow columns), the normalized SOC values approximated by 

𝑍4  (red columns), and the extracted 𝑔𝑒ff
↑↓  (blue columns). Our data show that CFMS/Ta exhibits both 

relatively large 𝑔𝑒ff
↑↓  and SOC. The large discrepancy of the THz amplitude ratio between 𝐴THz(Ta) / 𝐴THz(Pt) 

~ 0.8 expected solely based on SOC and the measured ratio 𝐴THz(Ta) / 𝐴THz(Pt) ~ 0.1 points to additional 

mechanisms affecting the THz amplitude. When comparing the spin diffusion length 𝜆sf in Ta and Pt, we 

find that 𝜆sf(Ta)= 1.9 nm is very small compared to 𝜆sf(Pt)= 7.3 nm [8] and even smaller than the thickness 

of the Ta layer. We adjusted the expected values from SOC alone by multiplying with 𝑔𝑒ff
↑↓ , which describes 

the efficiency of spin injection from the CFMS into the HM layer, and with 𝜆sf tanh (
𝑡𝑇𝑎

2 𝜆sf 
), which accounts 

for the spin diffusion length in the HM, with 𝑡𝑇𝑎 being the thickness of the Ta layer [9]. Although, we then 

Fig. 2. (a) THz transients for CFMS/Pt at different temperatures between 100 K and 300 K. Peak amplitudes are 

shown as an inset. (b) Normalized THz amplitude from CFMS/Pt bilayer as a function of the in-plane magnetic field 

(red) compared to the normalized magnetization in the sample measured by a VSM (blue) at 100 K.  



observed a closer agreement for the ratio based on 𝐴𝑇𝐻𝑧 (𝑡ℎ𝑒𝑜) ∝ 𝑆𝑂𝐶 ∙ 𝑔𝑒ff
↑↓  ∙  𝜆sf tanh (

𝑡𝑁𝑀

2 𝜆sf 
)  with the 

measured ratio, the amplitude measured for CFMS/Ta still remains lower by a factor of 5. A possible reason 

for the low 𝐴𝑇𝐻𝑧 (𝑚𝑒𝑎𝑠) in Ta could be the oxidation of the Ta layer, since no capping layer was added on top 

of Ta. In [10] it was seen that the spin Hall angle can be increased or reduced depending on the level of 

oxygen content. 

 

 

 

 

 

 

 

III. SUMMARY 

 

We generated THz transients from CFMS/Pt and CFMS/Ta bilayers and could attribute the THz generation 

mechanism to the ISHE. We compared the THz amplitudes for the two HM materials and observed that Ta 

showed a substantially lower, by a factor of 8, THz amplitude, as compared to the expected value from the 

SOC dependence of the spin Hall angle. We observed that SOC and 𝑔𝑒ff
↑↓

 (value extracted from a FMR 

experiment) were not solely responsible for the lower THz amplitude. A possible explanation could be the 

oxidation of the Ta layer. Additionally, we measured the magnetic field dependence of CFMS/Pt and 

observed a similar hysteretic behavior for the VSM measurement and the THz transient amplitudes at 300 K 

Fig. 3. (a) Field linewidths for CFMS/Ta, extracted from the FMR measurements, versus the resonance frequency. The 

inset shows absorption dips at the resonance frequencies for the 𝑆12  parameter at different magnetic fields. (b)  

Normalized THz amplitude 𝐴THz(norm) (yellow bars), effective spin mixing conductance 𝑔eff
↑↓(norm)

 and Z4 (SOC) for 

CFMS/Ta and CFMS/Pt. The green bar shows the expected value for the THz amplitude compared to Pt via 𝐴𝑇𝐻𝑧 (𝑡ℎ𝑒𝑜) ∝

𝑆𝑂𝐶 ∙ 𝑔𝑒ff
↑↓  ∙  𝜆sf tanh (

𝑡𝑁𝑀

2 𝜆sf 
). All values are normalized to the corresponding values for Pt.  



and at lower temperatures down to 100 K. We measured an increase of the THz amplitude by (8 ± 5) %, 

which is in agreement with the magnetization increase from VSM of (4.5  ± 0.1) %. 
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