Spin-Hall effects in epitaxial Pd1-xFex/Pt and Pd1-xFex/W thin film structures
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Spin-Hall Effects (SHE) are phenomena arising from the interplay between charge and spin currents in materials with strong spin-orbit coupling. SHE consists in the occurrence of a spin current during the flow of a charge current, which leads to a spatial redistribution of charge carriers (electrons) with oppositely directed spins. The efficiency of spin-to-charge conversion is characterized by the spin-Hall angle. Spin-Hall effects hold promise for superconducting spintronics as a fast mechanism for magnetization switching in a switchable ferromagnetic layer within superconducting spin valves, eliminating the need for an external magnetic field. However, superconducting elements can only function at cryogenic temperatures, making palladium-iron (Pd-Fe) solid solutions one of the most promising materials for ferromagnetic layers in superconducting spin valves. Magnetic ordering in the Pd1-xFex alloy (with iron content x = 1–12 at.%) occurs at temperatures well below room temperature [1, 2]. In heavy normal metals such as Pt and W, which exhibit strong spin-orbit coupling, spatial redistribution of oppositely oriented spins occurs. The focus of this study is the direct and inverse spin-Hall effects in thin-film heterostructures Pd0.90Fe0.10/Pt, Pd0.88Fe0.12/Pt, and Pd0.94Fe0.06/W, as well as their magnetodynamic properties investigated with ferromagnetic resonance (FMR).
Thin-film structures Pd0.90Fe0.10/Pt and Pd0.88Fe0.12/Pt, along with the ferromagnetic layer Pd0.94Fe0.06, were synthesized using molecular beam epitaxy, while the tungsten (W) layer was deposited via electron-beam evaporation. Structural characterization by low-energy electron diffraction (LEED) and X-ray diffraction (XRD) confirmed the epitaxial growth of all heterostructures and the presence of an α-phase tungsten layer. XRD analysis revealed complete intermixing of Pt and Pd-Fe layers in the Pd0.90Fe0.10/Pt bilayer heterostructure after ex-situ annealing at 800°C for 1 hour, which was not observed in the as-deposited Pd0.90Fe0.10/Pt sample. Additionally, the annealed Pd0.90Fe0.10/Pt sample exhibited a weak in-plane uniaxial anisotropy. This is reflected in FMR spectra line broadening and a resonance shift toward higher magnetic fields compared to the as-deposited heteroepitaxial Pd0.90Fe0.10/Pt structure. FMR studies of the Pd0.88Fe0.12/Pt sample revealed absorption line broadening relative to the resonance line of a single Pd0.88Fe0.12 thin film, attributed to losses caused by charge current generation in the normal metal under spin pumping conditions due to the inverse spin-Hall effect.
Orientation-dependent FMR studies of Pd0.90Fe0.10 and Pd0.88Fe0.12 samples confirmed a tendency of cubic magnetocrystalline anisotropy constants decrease, consistent with our previous findings for Pd-Fe alloys with iron concentrations up to 8% [1]. The Pd0.88Fe0.12 thin film exhibits weak uniaxial magnetocrystalline anisotropy (Ku = 6.3 × 10³ erg/cm³), typical for thin ferromagnetic films, with no in-plane anisotropy. In contrast, the Pd0.90Fe0.10 sample demonstrates uniaxial anisotropy (Ku = 6.5 × 10³ erg/cm³) and small in-plane anisotropy constants, with cubic (K1 = 1.7 × 10³ erg/cm³) and tetragonal (K2 = 1.4 × 10⁴ erg/cm³) contributions.
In heavy normal metals Pt and W with strong spin-orbit coupling, spatial spin separation occurs. Experiments were conducted to observe SHE and inverse SHE (ISHE) in Pd0.88Fe0.12/Pt and Pd0.94Fe0.06/W heteroepitaxial structures. SHE was detected via FMR spectra observation when an alternating electric current passed through the sample instead of modulating the magnetic field. Under these conditions, the direct SHE modulates the magnetization of the ferromagnetic layer, leading to a resonance line shift. In the Pd0.88Fe0.12/Pt heterostructure, an effective modulation field of 50 mG was estimated at an AC current amplitude of 5 mA, while in Pd0.94Fe0.06/W, the corresponding values were 40 mG at 2.5 mA. However, charge current passage through the heterostructure also induces an alternating magnetic field due to electromagnetic induction (Oersted field). To confirm the SHE contribution, the spatial distribution of the current-induced magnetic field in the Pd0.88Fe0.12 and Pd0.94Fe0.06 layers was calculated. Comparison with the effective modulation field demonstrated that at least 70% of the effective modulation field is due to the SHE.
The inverse spin-Hall effect manifests itself in a voltage generated by spin-dependent electron scattering under spin pumping. In experiments with a sample of the heteroepitaxial Pd0.88Fe0.12/Pt structure, a voltage signal of ~1 μV was detected below the Curie temperature of the ferromagnetic layer, between 20 and 150 K [4]. A weak dependence of the voltage amplitude on the sample temperature is observed. This, in our opinion, is due, on the one hand, to a decrease in magnetization with increasing temperature, thus reducing the spin current under spin pumping conditions, and on the other hand, the sample is a metal, whose resistance increases with increasing temperature. Thus, the two effects cancel each other in a given temperature range. The Hall angle for platinum was calculated, which at a temperature of 20 K was: . No ISHE signal was detected in Pd0.94Fe0.06/W due to its low magnetization, resulting in insufficient spin current under spin pumping.
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