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Abstract

:

Terahertz (THz) sources, covering a range from about 0.1 to 10 THz, are key devices for applying terahertz technology. Spintronics-based THz sources, with the advantages of low cost, ultra-broadband, high efficiency, and tunable polarization, have attracted a great deal of attention recently. This paper reviews the emission mechanism, experimental implementation, performance optimization, manipulation, and applications of spintronic THz sources. The recent advances and existing problems in spintronic THz sources are fully present and discussed. This review is expected to be an introduction of spintronic terahertz sources for novices in this field, as well as a comprehensive reference for experienced researchers.
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1. Introduction


Terahertz (THz) radiation is located between the microwave band and the infrared band on the electromagnetic spectrum and its frequency range is defined as 0.1–10 THz [1]. Terahertz waves cover the characteristic spectrum of semiconductors, plasmas, biological macromolecules, cosmic radiation, etc. [2,3,4], and they also have the advantages of a wide frequency band, low photon energy, high penetration, and fingerprinting. Therefore, terahertz technology has a wide range of applications in material characterization, wireless communication, radar and imaging, medical diagnosis, and security detection [5,6,7,8,9].



A high-quality terahertz source is an indispensable core component for the application of terahertz technology. Currently, most broadband THz sources are driven by femtosecond laser pulses to generate terahertz pulses. Typical THz emitters based on ultrafast laser pumping mainly include electro-optic crystals (such as ZnTe, LiNbO3, and GaP) [10,11,12], the photoconductive antenna [13,14], and air plasma [15,16], etc., but they have certain bottlenecks in terms of bandwidth, cost, or simplicity. Due to material constraints, the bandwidth of solid-state THz emitters is generally limited to a range of a few THz. For example, the spectral width of the ZnTe electro-optic crystal is only up to 3 THz [17]. THz sources based on air plasma can cover the entire THz window, but the disadvantage is that the gas ionization process usually requires high-energy femtosecond pulses in the order of 0.1 mJ [18]. The new ultra-wideband terahertz source with high efficiency and low cost has a strong application demand in the fields of material characterization and biomedical detection.



The terahertz sources described above only utilize the charge degree of electrons, not the spin degree of electrons. In recent years, the development of spintronics and femtosecond magnetism has opened up a new avenue for the development of terahertz radiation sources that utilize ultrafast demagnetization and spin-to-charge conversion. In 2004, Beaurepaire et al. [19] first observed weak terahertz radiation generated by femtosecond laser irradiation on ferromagnetic films and interpreted it as magnetic dipole radiation during ultrafast demagnetization. In 2013, Kampfrath et al. [20] introduced the spin-to-charge conversion mechanism using the inverse spin-Hall effect (ISHE) in ferromagnetic/nonmagnetic heterojunctions to improve the performance of terahertz radiation, which achieved great success. This novel spintronics-based terahertz source presents unprecedented advantages, such as ultra-broad bandwidth (up to 30 THz), simple structure, low fabrication cost, and tunable polarization [21]. More importantly, the femtosecond pulse energy required for this new scheme is in the order of nJ [21], which can be provided by a simple femtosecond oscillator. In this brief review, we first introduce the emission mechanism and experimental implementation of spintronic THz emitters (STE). Then, the recent advances made to optimize and manipulate STEs are presented. Finally, this paper further discusses the application of STEs.




2. Mechanism of THz Emission from Spintronic THz Sources


According to classical electromagnetic theory, the generation of THz radiation requires a time-dependent charge-current density J. The resulting THz radiation can be described by the wave equation of the electric field E based on Maxwell’s equations [22]:


   ∇ 2  E +  ω 2   u 0  ε E =  u 0  i ω J  



(1)




where ω is the angular frequency, ε is the permittivity, and u0 is the permeability in vacuum. Further, the total J can be separated into three parts:


  J =  J f  +   ∂ P   ∂ t   + ∇ × M  



(2)




where Jf is the free current density, P is electric polarization, and M is the magnetization. According to the three terms in Equation (2), three mechanisms can contribute to THz radiation. Commonly, two cores based on femtosecond lasers to produce terahertz radiation are photoconductive antennas and electro-optic crystals, where transient photocurrents in semiconductors or nonlinear optical responses of bound electrons are induced by ultrashort optical pulses. The third term represents terahertz emissions associated with magnetization, such as those caused by ultrafast demagnetization [23,24,25] and ultrafast-spin reorientation transition [26,27,28,29]. Because of the very weak terahertz emission directly generated by magnetic dipole radiation, it is often used to study ultrafast-magnetization dynamics.



In contrast to the photoconductive antennas and electro-optic crystals, the core mechanism of STE is the conversion from the ultrafast-spin current to charge current, which yields the Jf term in Equation (2). Figure 1 shows a schematic diagram of STE. A typical STE is a heterojunction composed of ferromagnetic metal (FM) and normal metal (NM) layers with thicknesses of several nanometers. The generation of terahertz radiation based on STE generally involves the following four mechanisms. (1) Using femtosecond laser pulses to irradiate the FM/NM heterostructure to excite spin-up and spin-down non-equilibrium carriers in the FM layer. (2) The non-equilibrium carriers diffuse to the adjacent NM layer. Due to the significant difference in the speed of the spin-up and spin-down carriers, an ultrafast-spin (polarized) current js is formed and injected into the NM layer from the FM layer. (3) Due to the strong spin-orbit coupling in the NM layer, the ultrafast-spin current js entering the NM layer is converted into a transient charge current jc. (4) The ultrafast jc emits THz radiation according to Equation (1). Phenomenologically, the spin-to-charge conversion can be described by the following equation [20]:


     j c  = γ    j s  ×  M /   M     



(3)




where γ represents the efficiency of spin-charge conversion and M represents the magnetization of the FM layer. Since jc is always perpendicular to M, the polarization of the generated THz pulses is always perpendicular to M and can be manipulated by an external magnetic field Hext.



There are two primary mechanisms for the core spin-to-charge conversion process in STE: ISHE [30,31,32,33] and the inverse Rashba Edelstein effect (IREE) [34,35]. For the ISHE, γ is accordingly called the spin-Hall angle. Both ISHE and IREE are based on spin-orbit coupling. ISHE is a bulk effect that exists in various materials (such as Pt, W, and other heavy metals), while IREE is an interface effect that mainly exists at the interface of metal heterostructures (such as Ag/Bi interface, Cu/Bi interface, etc.), topological insulator surface states, two-dimensional electron gas, etc. The ISHE has been a very active research direction in spintronics during the past 10 years. STE studies using heavy metals as the NM layer were mainly based on the ISHE mechanism early. In 2018, Jungfleisch et al. [36] and Zhou et al. [37] reported the results of broadband terahertz radiation based on the IREE mechanism, respectively. Moreover, the studies by Zhou et al. [37] showed that the terahertz radiation generated by IREE and ISHE can be superimposed to improve the emitter efficiency.



In addition, there are also spintronic THz emissions from magnetic films that are not based on the above-mentioned typical mechanisms and FM/NM structures. The Kampfrath research group [38] observed THz pulses generated by the injection of ultrafast pure-spin currents into heavy metal Pt from the ferromagnetic insulator (FI) YIG layer based on the spin Seebeck effect [39,40]. Recently, Qiu et al. [41] demonstrated that laser-induced transient magnetization of an antiferromagnetic (AFM) NiO layer at zero magnetic fields could inject ultrafast-spin currents into adjacent heavy metal layers. Zhang et al. [42] even reported THz emission from a single-layer ferromagnet via the anomalous Hall effect. Although their emission intensity is inferior to the FM/NM devices, they provide new ideas for the design of STE.




3. Experimental Setup for Spintronic THz Sources


3.1. Terahertz Time-Domain Spectroscopy


The experimental study of spintronic terahertz sources mainly relies on the terahertz time-domain spectroscopy (THz-TDS) [43]. A typical THz-TDS experimental setup is shown in Figure 2. The energy of femtosecond laser will be divided into two parts: signal light path and reference light path by a beam splitter; the optical path difference between the two paths is controlled by an optical delay line. The pump beam excites the THz source to generate a THz wave and off-axis parabolic mirrors are used for collimating and focusing the THz wave. Finally, the THz wave and the probe beam are overlapped on an electro-optic (EO) crystal. The refractive index of the EO crystal will change proportionally to the strength of the THz electric field via the linear EO effect, which can be sampled by the time-delayed probe beam. Therefore, the time-domain waveform of the THz electric field can be measured indirectly and the corresponding frequency domain spectrum can be obtained by Fourier transform. The THz signal S(t) measured directly by the EO crystal is the convolution of the THz electric field Edet(t) and the response function h(t). One can first calculate h(t) through the parameters of the EO crystal and sampling pulse and then numerically calculate Edet(t).




3.2. Typical THz-Emission Signals from Spintronic THz Sources


A typical THz-emission signal from the metallic spintronic Fe/Pt heterostructure in the study by Torosyan et al. [43] is shown in Figure 3. First, the polarization of the THz signal was perpendicular to the sample magnetization M and reversed upon reversing M by the magnetic field. Second, the polarity of the THz signal is reversed when the bilayer order is reversed, because js flowing from FM to NM changes its sign. These results are consistent with Equation (3) for the spin-charge conversion. The bandwidth of the emission spectrum of Fe/Pt in their study is up to 8 THz, which was limited by the GaAs photoconductive antenna detector and the pulse length of the pump laser. Seifert et al. [21] demonstrated that with different detectors (e.g., GaP electro-optic crystal) and shorter pump pulses, wider bandwidths up to 30 THz can be obtained. Notably, they used a femtosecond laser with a repetition rate of 75 MHz for THz generation, and the energy of each pumping pulse is in the order of nJ.





4. Performance Optimization of Spintronic THz Sources


In recent years, several research groups [44,45,46,47,48,49,50] have used various methods to improve the emission efficiency and power of STE to the level of commercial THz pulse sources. Nenno et al. [51] constructed a roadmap of THz emission from magnetic films containing the most important physical parameters that can influence the efficiency of STEs (see Figure 4). Here, we mainly focus on optimizing the material properties and thicknesses of the FM and NM layers, as well as the optical and geometrical design of the STE, which have more significant impacts on the THz emission efficiency.



4.1. Optimizing Materials


According to Equation (3), the spin-Hall angle γ of NM materials has a significant impact on the performance of STE. Seifert et al. [21] systematically studied the performance of STE based on different NM materials, including Cr, Pd, Ta, W, Ir, Pt38Mn62, and Pt. They found that the amplitude and polarity of the THz field strongly depend on the chosen NM material. For example, Pt is an order of magnitude stronger than Ta or Ir, while W and Pt have opposite polarities because of the opposite signs of γ. The trend of THz amplitudes with respect to NM materials is in good agreement with the calculated spin-Hall conductivity. Related works [52,53,54,55,56] also studied NM materials, such as Au, Ru, Al, IrMn3, and Mn2Au. At present, Pt is still the best choice for preparing NM layers, owing to the lesser effect on the THz amplitude for STEs. Co40Fe40B20 is slightly higher than other FM metals, such as Fe, Co, Fe-Co alloys, and Ni81Fe19, while the efficiency of pure Ni-based STEs is rather low. Recent works [57,58,59] have also investigated STEs based on half-metallic FM materials, such as Heusler alloys, which are believed to have large spin polarization. The experimental results show that the spin-current generation efficiency of half-metallic FMs in STEs can reach that of typical 3D-transition-metal FMs, such as Fe, but not be higher. Nenno et al. [51] introduced defect engineering to modify the STE performance by controlling the growth quality of the NM and FM films, which suggest that the THz bandwidth can be controlled by introducing defects into the sample, but at the expense of reducing the THz amplitude.



Traditional NM materials are discussed above. Topological materials have promising properties for their use in STEs, such as large spin-to-charge conversion efficiencies and topological surface state [60,61]. In 2018, Wang et al. [62] first used the FM/Bi2Se3 heterojunction to generate THz radiation and attributed it to the combination of the ISHE and IREE mechanisms. However, its THz emission intensity is quite small compared with traditional FM/NM heterostructures. Tong et al. [63] enhanced the THz emission intensity by inserting a meticulously designed thickness of heavy metal layer between the FM and topological insulator layers. Park et al. [64,65] further demonstrated the important role of inversion symmetry breaking and topological surface states in the performance of topological material-based STEs and observed THz emissions larger than those of Pt in the topologically nontrivial semimetal Bi1−xSbx films. Recently, the THz emission of heterojunctions formed by the combination of two-dimensional materials and FM layers, even by solution processing, has been realized [66,67], which provides another direction for the integration of STEs.




4.2. Optimizing Thickness


The THz emission efficiency depends strongly on the thickness of each layer in the FM/NM heterostructures. The optimal thickness of the NM layer depends, in particular, on the spin diffusion length λNM. Several studies [21,44,68] have shown that when the thickness of the NM layer is greater than the spin diffusion length, the THz signal decreases with the thickness. As for the FM layer, because of the finite spin propagation length λFM inside the FM layer, additional FM thickness far from the FM/NM interface does not contribute to the THz emission. Below a dead-layer thickness about 0.5 nm [24], the change in the magnetic order of the FM layer also reduces the THz emission. Studies of the thickness variation in the NM and FN layers have shown that the optimal thickness for both layers is around 1–4 nm [21,37,44,50,68].




4.3. Optimizing Structures


At present, the optimization of the structure mainly focuses on “sandwich-like” structures, antenna-coupled structures, current-enhanced and nano plasmonic resonance enhanced structures shown in Figure 5.



To further utilize the backward spin current, Seifert et al. [21] first introduced another NM layer to the left of the FM layer, making a triple-layer structure of W/Co40Fe40B20/Pt. Due to the inverse sign of the spin-Hall angles of W and Pt, the spin-Hall currents jc of W and Pt layers are in the same direction, thus, enhancing the THz emission. The experimental results show that the THz amplitude of the NM1/FM/NM2 trilayers is almost twice that of the bilayers under the same total thickness and exceeds that of standard THz sources, such as ZnTe, GaP, and photoconductive antennas (shown in Figure 5).



Feng et al. [69] studied the structural unit of the dielectric layer/NM1/FM/NM2 and repeated the unit to form multiple structures of (dielectric layer/NM1/FM/NM2)n. The dielectric layer can effectively suppress the reflection and transmission of laser light, thereby increasing its absorption rate in the metal film and effectively improving the THz emission efficiency of the device. Compared with the standard single-period STE, the generation efficiency of the multiple structure with n = 2 is increased by 1.7-times. Similar results were also reported by Herapath et al. by integrating the W/CoFeB/Pt emitter with a dielectric lattice TiO2/SiO2. Recently, Jin et al. [70] utilized a cascade design of STEs fabricated on a flexible polyethylene terephthalate (PET) substrate and yielded a 1.55-times amplification compared to a single PET/STE.



Nandi et al. [71] coupled the STE with an on-chip antenna and the measured THz intensity of the antenna-coupled structure was increased to 2.42-times that of the pure film structure. Shahriar et al. [72] coupled a waveguide-fed horn antenna with the STE to increase the emission power. In addition, Hoppe et al. [73] combined the STE with a metallic waveguide to achieve on-chip THz emission and electrical detection of THz signals.



Chen et al. [74] constructed a novel current-enhanced STE combined with semiconductor materials, which realized the superposition of the ISHE and the conventional photocurrent mechanism. The experimental results show that the intensity of the generated THz spectrum in the low-frequency band (0.1–0.5 THz) is enhanced by 2–3 orders of magnitude when the current is applied. Additionally, surface plasmonic resonance was also introduced to improve the performance for the STE by Liu et al. [75]. They reported that gold nanorod (GNR) plasmonic resonance could effectively increase the terahertz emission of W/CoFeB/Pt heterostructures by 140%.





5. Manipulation of Terahertz Emission by Spintronic THz Sources


One of the unique properties of STE is tunable polarization. According to Equation (3), the polarization of the emitted THz pulses from STEs is always perpendicular to the magnetization M of the FM layer. Therefore, the polarization can be manipulated by manipulating M with magnetic or electric fields. In fact, due to the cross product of M and jc, the amplitude of the THz emission can also be manipulated by manipulating the magnitude and direction of M.



5.1. Magnetic-Field Manipulation


The most intuitive idea is to place the STE in straight magnetic field lines between two polar-aligned permanent magnets to generate linearly polarized THz radiation and to rotate the direction of the polarization by rotating the permanent magnets. Hibberd et al. [76] further demonstrated that a quadrupole-like polarization profile could be generated by placing the STE between two magnets of opposing polarity, as schematically illustrated in Figure 6a. They, thus, proposed a proof-of-principle concept that magnetic-field patterns can be applied to tailor the spatial polarization profile of THz radiation from STE. In addition to spatial modulation of polarization, temporal modulation of polarization can also be achieved by magnetic fields. In a recent study, Gueckstock et al. [77] performed polarity modulation of THz pulses from STE at a rate of 10 kHz and with a contrast exceeding 99% using a harmonic magnetic field, as shown in Figure 6b.



Research [79,80] by Wu et al. was devoted to shaping the THz polarization of STE from linear to circular. They demonstrated that an elliptically polarized THz pulse could be easily produced by applying curved magnetic-field distributions. They also demonstrated the generation of circularly polarized THz waves in a cascade configuration consisting of two spatially separated STEs with an orthogonal external magnetic field and nearly equal amplitude and 90° phase difference.




5.2. Electric-Field Manipulation


Compared with magnetic-field manipulation, electric-field manipulation is more adaptable and more suitable for integration. Manipulating the THz emission from STE with electric fields is essentially achieved by an electric field manipulating the magnetization M in the FM layer. A typical approach is to integrate the STEs on piezoelectric materials, such as PMN-PT, and utilize magnetoelectric coupling to control the magnetization, as schematically illustrated in Figure 6c. Figure 6d shows the electric-field manipulation results of THz pulses emitted from STEs on PMN-PT by Agarwal et al. [78], which indicates that the electric-field control can tune the emitted THz amplitude by up to 270%. In a similar earlier study by Cheng et al. [81], a THz amplitude modulation depth of 69% was achieved. The study by Khusyainov et al. [82] was more concerned with polarization control via an electric field and the maximum angle of THz polarization rotation by the electric field was observed to be 66°.





6. Applications of Spintronic THz Sources


Spintronic THz sources have the advantages of ultra-broadband, controllable polarization, low cost, easy handling and integration, etc., and, thus, enable a variety of applications. In the following, we will focus their applications in broadband THz spectroscopy and THz imaging. More application scenarios for STEs will emerge as time goes on.



6.1. Broadband THz Spectroscopy


The spectral bandwidth of STEs is up to 30 THz, thus, enabling ultra-broad spectral measurements of various materials. In earlier works, Seifert et al. [21] measured the THz transmission spectrum of 7.5 µm thick polytetrafluoroethylene (PTFE) using an ultra-broadband STE-based THz-TDS and observed distinct resonant absorptions at 6, 15, and 18 THz. In a subsequent work [83], they used the amplified Ti: sapphire laser system to pump an STE with a diameter of 7.5 cm and a strong THz electric field up to 0.3 MV/cm was successfully generated. Such strong THz waves with ultra-short pulse width can be used to study THz nonlinear optical effects, such as the THz Kerr effect of the diamond.



Milot et al. [84] used an STE-based THz spectroscopy system to measure the THz-frequency photoconductivity of perovskite samples as a function of the doping density and temperature. In a recent work [70], cascaded PET/STE was used to perform a spectroscopic measurement of riboflavin with a high signal-to-noise ratio. The above results were in the far-field-type approach of THz-TDS. In near-field-type approaches, Bai et al. [85] realized a monolithic THz emission biosensor by integrating metamaterials with STE, and the THz sensing of Hela cells and Pseudomonas was demonstrated. Using water as the test liquid, Balos et al. [86] demonstrated an STE-based near-field THz-TDS approach for measuring the dielectric response of liquids and ascertained the dielectric loss and permittivity of water in a range of 0.3–15 THz.



Müller et al. [83] coupled STE-generated ultra-broadband (1−30 THz) THz pulses to a scanning tunneling microscope (STM) junction to form a THz-gated STM (THz-STM) (see Figure 7a), which has the potential to enable imaging of ultrafast dynamics in materials with atomic resolution. They demonstrate the suitability of STEs as a broadband source for ultrafast THz-STM, where THz voltage transients with frequencies up to 15 THz can couple to the STM junction.



In addition, THz emission spectroscopy from STEs is also an excellent tool for studying the spin–charge conversion and related phenomena [87]. Compared to traditional transport methods, this all-optical contact-free approach can extract spin-Hall angles and spin current relaxation lengths with large sample throughput without any micro-structuring [69].
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Figure 7. Applications of STEs. (a) Ultra-broadband THz-STM setup (NIR: near-infrared). Reproduced under the terms of a Creative Commons Attribution 4.0 Licence [88] Copyright 2020, the Authors, published by ACS Publications. (b) Ghost spintronic THz-emitter-array microscope (DMD: digital micromirror device). Reproduced under the terms of a Creative Commons Attribution 4.0 Licence [89] Copyright 2020, the Authors, published by Springer Nature. (c) THz Magneto-optic sensor/imager. Reproduced under the terms of a Creative Commons Attribution 4.0 Licence [90] Copyright 2020, the Authors, published by Springer Nature. 
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6.2. THz Imaging


Because it can be tightly attached to objects at the nanoscale, the STE has significant advantages in THz near-field imaging. Chen et al. [84] demonstrated for the first time THz super-resolution near-field imaging using a W/Fe/Pt STE array, see Figure 7b. In their experiments, the STE array was illuminated with a spatially structured pump beam and the emitted THz waves were recorded by EO detection after passing through the imaging object and an inversion algorithm was used to reconstruct the image of the object. Guo et al. [91] examined the feasibility of integrating W/CoFeB/Pt heterostructures in a laser THz emission microscopy (LTEM) technology and proposed a new conception of STE microscopy (STEM). In a recent work, Stiewe et al. [92] further achieved STE-based super-resolution (up to 5 μm) THz spectral imaging.



Agarwal et al. [93] observed the linear relationship between the STE-generated THz pulse amplitude and the magnetization of the FM layer in the STE. Therefore, the hysteresis loop of the FM layer can be obtained by measuring the change in the THz amplitude with the magnetic field. Taking advantage of the above feature, Bulgarevich et al. [85] proposed a new type of magneto-optic imaging (MOI) based on STEs. The structure of the THz MOI sensor is STE layers/MgO substrate/EO crystal/Au mirror, as shown in Figure 7c. With this simple sensor and a THz-TDS in reflection-type geometry, they could record the magnetic field distribution of permanent magnets near the sensor surface with a sensitivity of mT.





7. Conclusions


This paper reviews spintronics-based THz sources, including their implementation, optimization, manipulation, and applications. The THz radiation produced by the STE can meet the needs of many applications, such as spectroscopy and imaging. Although the research on STEs has made remarkable progress, there are still some problems to be solved. For example, the generated THz intensity by a femtosecond pulse is still weaker than that of a photoconductive antenna; the acquisition speed of THz super-resolution near-field imaging is quite slow; and the sensitivity of magnetic field imaging is much lower than typical MOI. In addition, unlike other THz sources, such as ZnTe crystal, currently, the STE can only be used for THz generation but not for THz detection. To solve these problems, it is necessary to comprehensively utilize multiple disciplines, such as optics, terahertz science, and spintronics, to further improve the efficiency and practicality of STEs. This review is expected to provide a reference for researchers and help push the progress of spintronics-based THz sources.
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Figure 1. Schematic diagram of the spintronic THz emitter. 
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Figure 2. Schematic diagram of the terahertz time-domain spectroscopy system. 
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Figure 3. Typical THz-emission signals from spintronic FM/NM heterostructures. (a) Terahertz signal waveforms obtained from a Fe/Pt bilayer. (b) Fourier spectra of (a). (c) THz pulses for opposite sample magnetizations. (d) THz pulses for reversed bilayer order. It is reproduced under the terms of a Creative Commons Attribution 4.0 License [44] Copyright 2018, the Authors, published by Springer Nature. 
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Figure 4. Roadmap to efficient STEs, which includes materials, growth quality, film thickness, geometry, electrical and optical parameters, and theoretical simulations. Reproduced under the terms of a Creative Commons Attribution 4.0 Licence [51] Copyright 2019, The Authors, published by Springer Nature. 
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Figure 5. Structural optimization of the STE. 
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Figure 6. Magnetic-field and electric-field manipulation of THz emission from STE. (a) Schematic diagram of manipulating THz polarization by the magnetic field. Reproduced under the terms of a Creative Commons Attribution 4.0 Licence [76] Copyright 2019, the Authors, published by AIP Publishing. (b) Modulation of the THz polarity at kHz rates using a harmonic magnetic field. Reproduced under the terms of the OSA Open Access Publishing Agreement [77] Copyright 2021, Optica Publishing Group. (c) Schematic and (d) results of manipulating the THz emission by electric field. Reproduced under the terms of a Creative Commons Attribution 4.0 Licence [78] Copyright 2022, the Authors, published by Springer Nature. 
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