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The field of orbitronics has emerged with great potential to impact information technology by enabling environmentally friendly electronic devices. The main electronic degree of freedom at play is the orbital angular momentum, which can give rise to a myriad of phenomena such as the orbital Hall effect (OHE), torques and orbital magnetoelectric effects. Here, we explore via realistic time-dependent electronic structure simulations the magnetic response of a non-magnetic material, an ultrathin Pt film, to ultrafast laser pulses of different polarizatons and helicities. We demonstrate the generation of significant orbital and spin magnetizations and identify the underlying mechanisms consisting of the interplay of the OHE, inverse Faraday effect and spin-orbit interaction. Our discoveries advocate for the prospect of encoding magnetic information using light in materials that are not inherently magnetic.
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INTRODUCTION
Orbitronics [1–4] pioneers a new research area, laying the foundation for advancements in device technology [5]. It utilizes orbital currents as a means of information transfer, offering a novel path for spintronics and valleytronics [6], as unveiled in recent experiments [7–10]. The origin of orbital currents can be traced to the orbital motion of electrons, generating orbital angular momentum [11]. The control of this momentum in solids holds potential for information processing [5]. The crucial role of orbital currents extends to deciphering the complex traits of topological materials [12], potentially impacting diverse orders [13], and engaging with quasi-particle excitations in unique ways [14]. This exploration holds the promise of solving puzzles in correlated matters and discovering remarkable quantum phenomena.
One of the key phenomena in orbitronics is the orbital Hall effect (OHE), which consists on the flow of the orbital angular momentum defined around atoms at each lattice to a perpendicular direction of an external electric field [2, 4]. It is then proposed that it is with spin-orbit coupling (SOC), which couples the spin and orbital degrees of freedom of the electrons, that the spin Hall effect (SHE) [15] emerges out of the OHE [4]. Upon application of an electric field E, a charge current density JC = σ0E is generated, where σ0 is the conductivity tensor of the system. The flow of the charge current through the heavy metal triggers via the SOC a spin current Js = θSHJC ×σ with polarization σ, where θSH represents the spin Hall angle which measures the charge-to-spin conversion rate. Along the out-of-plane direction [image: image], the flowing spin angular momentum can accumulate if there is any edge, which induces a non-equilibrium spin polarization [image: image]. It is the current induced spin polarization that gives rise to the so-called spin-orbit torques (SOTs) [16]. Similar to the spin polarization, the orbital polarization can be related to the electric field [image: image] as a result of the orbital polarization current [image: image] [2, 3]. The OHE can reach gigantic amplitudes as predicted theoretically [17]. As shown in a thorough experimental investigation [18], the intertwining of the SHE and OHE can be rather complex in different materials and interfaces, which leads to rich physics. While the OHE is a dynamical fingerprint of the motion of electrons, it is appealing to explore the potential of controlling the underlying effects at ultrafast timescales.
The realm of controlling magnetic states of matter at ultrafast timescales has been thoroughly explored since the demonstration of the discovery of optically driven ultrafast demagnetization [19]. The ultimate control of the magnetic behavior of materials at femtosecond (or even faster) timescales defines one of the most pursued paradigm shifts for future information technology [20–22]. Successful demonstrations addressing orbitronics at ultrafast time scales are scarce both experimentally [10] and theoretically [23].
In our work, we demonstrate the all-optical generation of orbital and spin magnetizations in an initially non-magnetic material consisting of a Pt thin film utilizing single laser pulses. Pt is a transition metal element characterized by a large Stoner susceptibility [24–31], which means that it can easily carry a spin moment in the vicinity of magnetic atoms. It was also demonstrated that it can develop a large spin-polarization cloud around adatoms, which impact on both the magnitude and sign of their magnetic anisotropy energy [28] that has been probed indirectly via state-of-the-art scanning tunneling microscopy (STM) measurements for an Fe adatom on Pt(111) surface [25]. In the dynamical regime, the Stoner criterion can be fulfilled for some transition metal adatoms [29]. In the current investigation, we utilize a time-dependent tight-binding framework parameterized from density functional theory (DFT) calculations (see Method section and Ref. 32), capable to explore non-linear magnetization dynamics up to a few picoseconds.
The method is implemented in a state-of-the-art code TITAN, which is developed to address various phenomena based on a realistic description of the electronic structure. TITAN stands for TIme-dependent Transport and Angular momentum in Nanostructures [33–35, 48]. Besides real-time ultrafast magnetization dynamics induced by the interaction with laser pulses [32], TITAN can be used to explore dynamical magnetic linear responses [46], dynamical transport and torques [34, 35], magnetic damping [48] as well as superconducting-magnetic interfaces by solving the Bogoliubov–de Gennes equations self-consistently [36, 37].
We illustrate that substantial spin and orbital magnetizations can arise in Pt through strategic laser pulse design. The spin moments attain a magnitude comparable to that observed when Pt is directly interfaced with a magnetic layer. Remarkably, the orbital moments exhibit a similar scale to the spin moments, see e.g., [25, 28]. We identify an emergent anisotropy of the magnetization that depends on the polarization of the incident light pulses, driven by the interplay of the orbital Hall and spin Hall effects intertwined with the inverse Faraday effect. The inverse Faraday effect (IFE) was proposed as a direct mechanism for laser-induced demagnetization [38], light-induced magnetic torques [32, 39–43] with an induced magnetization expected to be proportional to E ×E*, where E is the complex electric field defined by the laser polarisation. Here, we dissect the distinct underlying mechanisms for the induced magnetizations and propose an experimental protocol to verify our predictions, which promote the potential of light-encoding of magnetic information in non-magnetic materials.
RESULTS
We conduct tight-binding simulations with parameters derived from DFT. This involves the real-time propagation of ground state eigenvectors, achieved by solving the time-dependent Schrödinger equation for durations up to a few hundreds of femtoseconds [32]. The Hamiltonian on which the calculations are based encompasses the electronic hopping-derived kinetic energy, the SOC, interactions arising from electron–electron exchange, and the impact of excitations induced by laser irradiation. The propagated solutions were then used to calculate the orbital and spin magnetizations after applying both linearly and circularly polarized laser pulses (see Eqs 1-3 and the “Methods” section for more details).
Laser-induced orbital magnetization without SOC
In Figure 1, we show the effect of light polarization on the induced orbital angular momentum for a (001)-oriented fcc Pt thin film consisting of 5 layers stacked along the z-direction in absence of SOC. The electric field couples to the linear momentum (and, therefore, the charge current), which affects the orbital momentum. As SOC is not present, the orbital and spin degrees are independent, and the light can only access the orbital angular momentum degree of freedom. For a pulse with linear polarization along the x-axis (i.e., the electric field E‖x), the charge current also oscillates along the x-axis and generates an orbital flow along the finite z direction with y polarization via the OHE. As the z direction is finite, this orbital current accumulates on the two surfaces, as plotted as function of time in Figure 1B. There is also a flow of orbital current along the y direction with z polarization. However, as the system is infinite and periodic in the flow direction, it causes no measurable effect. Owing to the symmetry of the Pt film, the orbital angular momenta accumulating on opposite sides of the material are equal in magnitude and opposite in sign, resulting in zero net orbital angular momentum accumulation. This is expected from the OHE in a system with inversion symmetry. We note that the laser-driven inverse Faraday effect is not operative for linear polarization of the laser.
[image: Figure 1]FIGURE 1 | Light-induced orbital magnetization in a Pt film in absence of spin-orbit coupling. (A) Schematic representation of a laser pulse impinging on the surface of the Pt film. The electric field E impacts the electronic structure and can generate an orbital magnetization through orbital currents. These can accumulate via the orbital Hall effect (OHE) or through the inverse Faraday effect (IFE), illustrated by the red and green arrows respectively. (B) y-component of the orbital moment induced by a laser pulse linearly polarised along the x-axis. This is the only non-vanishing component for this configuration. (C) x-(D) y- and e z-components of the orbital moment induced by a pulse with circular polarisation in the xy-plane. (B–D) show components induced by the OHE while (E) shows the component expected from the IFE. (F) The x-component of the orbital moment induced by a circular pulse polarised in the yz-plane. This is the only non-vanishing component for this configuration, and includes contributions from both OHE and IFE. All pulses have an intensity of 9.7 × 108V m−1 and a width of 100 fs, with a laser frequency of the pulses have a fixed frequency ω = 1.55 eVℏ−1.
In Figures 1C–E, the applied pulse has circular polarisation in the xy-plane, giving rise to oscillatory currents flowing in the same plane. Due to the OHE, an orbital current streaming along the z-axis has a polarization that oscillates in the xy-plane and accumulates on the edges, as displayed in Figures 1C,D. As before, the total accumulation in the film sums up to zero due to the inversion symmetry. However, this case presents also a finite orbital moment along the z-axis that is induced by the IFE, as shown in Figure 1E. This component can reach up to about 0.015 μB then fluctuates with time. In an intuitive picture the circularly-polarized laser induces a rotational motion with a fixed rotational sense during the pulse, and so the induced motion of the electronic charges is allowed to accumulate and lead to a non-zero average of the orbital magnetic moment.
In Figure 1F, the plane of polarization is changed to yz. In this case, both OHE and IFE result in accumulations of the x component only: the first one originated on the flow of orbital current along the z direction, and the second due to the circular polarization in the yz plane. The charge flow along the z direction does not generate any accumulation due to OHE, as the orbital currents flow in the x and y periodic directions. Since the signals are mixed, the total response does not cancel out as before. By comparing the maximum amplitude reached by the orbital moment [image: image] in Figure 1E to that reached by [image: image] in Figure 1F, we can in principle distinguish and potentially quantify the distinct impact of IFE and OHE.
Laser-induced spin and orbital magnetization with SOC
When SOC is present, a spin moment builds up following the light-induced orbital angular momentum. As before, for a laser polarised in the xy-plane, the Hall effect (now spin and orbital) and IFE components are separated: while the former one induces circular oscillations of the spin and orbital moment vectors in the xy-plane with opposite directions in each surface of the system—therefore with vanishing total contribution—, the latter induces a finite net magnetic moment along the z direction. Figure 2A displays the total orbital [image: image] and spin [image: image] moments. Notice that even though the spin moment is indirectly caused by the orbital one via the spin-orbit coupling, the former reaches much higher values than the latter. The large value of the spin moment is also relatively stable, continuing close to 0.1 μB up to 0.15 ps. This occurs due to the presence of the electron-electron interaction, taken into account effectively via the intra-atomic exchange interaction U, responsible for magnetism as expected from the Stoner model [44]. When this term is not present (i.e., U = 0), the spin moment changes sign and reaches much smaller values at 0.15 ps as shown in Figure 2B. By changing the polarization of the pulse to the yz and xz-planes as shown in Figure 2C, one notices a large change, which can reach about 70% enhancement, in the induced total spin moment. This shows that a significant magnetic moment can be induced via a laser pulse in a non-magnetic material.
[image: Figure 2]FIGURE 2 | Light-induced spin and orbital magnetizations in a Pt film incorporating spin-orbit coupling. (A) The z-component of the total spin and orbital moment in the Pt film, which is induced by the IFE when the laser pulse is polarized in the xy-plane. (B) The spin moment is also shown when the effective electron-electron interaction strength U = 0 (regular simulations assume U = 0.5 eV for Pt atoms). (C) A comparison between the absolute values of the Pt film spin moment as induced by a pulse polarized in the xy-, yz- and zx-planes. The zx-curve and yz-curve are identical, as expected from the symmetry of the system. All pulses have an intensity of 9.7 × 108V m−1.
Impact of laser intensity on induced magnetizations
To better understand how the discussed effects are generated by the electric field, we now look at how the pulse intensity affects the induced orbital and spin moments. Figure 3A shows the values of the total norm of the moments Ms and ML at the pulse maximum (50 fs) as a function of the pulse intensity for circular polarizations in the xy- and yz-planes.
[image: Figure 3]FIGURE 3 | Induced magnetizations at pulse peak. (A) Comparison of the induced spin and orbital film magnetizations as function of pulse intensity obtained at the pulse maximum for different plane polarizations (xy and yz). (B,D) example of the evolution of the spin and orbital magnetization for different polarizations of the pulses followed by the (C,E) angle between spin and orbital moment vectors, for circularly polarized pulses in the yz and xy planes. The reference value for the laser field intensity E* is given by ∼9.7 × 108V m−1.
At the peak of a pulse polarized in the xy-plane, the z-component of the induced orbital moment [image: image] which is due to the IFE only is non-linear with the pulse intensity and saturates at 0.8 E* (with E* = 9.7 × 108V m−1) while the z-component of the induced spin moment [image: image] follows a linear behavior. Note that at peak of the pulse, the spin magnetic moment does not reach its maximum (see e.g., Figure 3B), while the orbital moment can oscillate (Figure 3D). The yz-plane pulse induces moments in the x direction. which are triggered by both the IFE and OHE. In this case, the orbital moment is relatively large, when compared to what is found with a pulse polarized in the xy-plane.
By taking a close look at Ms and ML in Figures 3B–E induced by two different types of pulses, polarized in the yz and xy-planes, we notice that both magnetizations arise at about the same time. The orbital moment generated with the xy-plane polarized pulse is significantly smaller than that induced by the pulse polarized in the yz-plane. Looking at the angle between the two magnetizations, orbital and spin, one notices clearly that at short times after application of the laser, they are anti-parallel for the pulse polarized in the yz-plane while the angle goes down to 90° for the xy-plane polarized pulse. This behavior does not last very long and the two magnetic moments quickly become parallel to each other, which could be induced by SOC. Note, however, that after 40 fs, the orbital magnetization induced by the xy-plane circularly polarized pulse experiences an oscillatory behavior which leads to an antipallel alignment with respect to the spin-magnetization.
DISCUSSION
In conclusion, we observe ultra-fast orbital and spin Hall effects in Pt layers. In ultra-fast experiments involving Pt, it is commonly employed as a substrate to facilitate angular momentum transfer due to its robust spin-orbit coupling (SOC). The sensitivity of these effects to light helicity and polarization offers insights into how the incorporation of such substrates may influence magnetization reversal at magnetic interfaces. Manipulating the polarization and helicity of laser pulses provides a potential avenue for distinguishing contributions to magnetization from the orbital and spin Hall effects against the backdrop of inverse Faraday contributions. Crucially, our predictions highlight a diverse range of mechanisms capable of inducing significant magnetic moments in initially non-magnetic materials. In the future, it is appealing to explore the presence of phonons in affecting the emergence of the different unveiled ultrafast-induced magnetizations.
We envision the potential use of transition metals, inherently non-magnetic, as a platform to explore unconventional magnetism at ultrafast timescales. This exploration holds promise for the implementation of all-optical addressed storage and memory devices.
Methods
Theory
We utilize a multi-orbital tight-binding Hamiltonian that takes into account the electron-electron interaction through a Hubbard like term and the spin-orbit interaction, as implemented on the TITAN code to investigate dynamics of transport and angular momentum properties in nanostructures [45–48]. To describe the interaction of a laser pulse with the system, we include a time-dependent electric field described by a vector potential A(t) = −∫E(t)dt. The full Hamiltonian is given by
[image: image]
More details on each term can be found in Ref. [32]. The dipole approximation was used in the implementation of the vector potential, meaning that the spatial dependency is not included since the wavelength of the used light (ℏω = 1.55 eV → λ = 800 nm) is much larger than the lattice constant, and that the quadratic term as well as the other higher terms are zero [49].
Pulse shape
For the right-handed circular pulse (σ+) polarised in the yz-plane, for example, the pulse shape is described using a vector potential of the following form [50],
[image: image]
where E0 is the electric field intensity, τ is the pulse width, ω is the laser central frequency which is set to 1.55 eVℏ−1. The magnetic field of the laser is neglected since it is much smaller than the electric field. The pulse width is assumed to be 100 fs for all calculations.
For the linear pulse (π) of a propagation direction along the diretion [image: image], using the same central frequency, the vector potential is described as
[image: image]
Computational details
Calculations were performed on five layers of face-centered cubic platinum (Pt) stacked along the [001] direction using one atom per layer with the theoretical lattice constant of 3.933 Å given in Ref. [51], a uniform k-point grid of (20 × 20) and a temperature of 496 K in the Fermi-Dirac distribution. The initial step size for the time propagation is Δt = 1 a.u. which changes in the subsequent steps to a new predicted value such that a relative and an absolute error in the calculated wave functions stay smaller than 10–3 [52].
We tested the results for accuracy by increasing the number of k-points and decreasing the tolerance for the relative and absolute errors. The method was also tested for stability by changing one of the laser parameters by a very small number while keeping the other parameters fixed, for one case that we already have results for. The results then were not very different [53].
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
HH: Formal Analysis, Investigation, Methodology, Software, Visualization, Writing–original draft. FM: Formal Analysis, Software, Supervision, Writing–original draft. MD: Formal Analysis, Supervision, Writing–original draft. SL: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Palestinian-German Science Bridge BMBF program and the European Research Council (ERC) under the European Union&’s Horizon 2020 research and innovation programme (ERC-consolidator Grant No. 681405-DYNASORE).
ACKNOWLEDGMENTS
The authors gratefully acknowledge the computing time granted through JARA on the supercomputer JURECA [54] at Forschungszentrum Jülich.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 1. Bernevig BA, Hughes TL, Zhang S-COrbitronics: the intrinsic orbital current in p-doped silicon. Phys Rev Lett (2005) 95:066601. doi:10.1103/PhysRevLett.95.066601
 2. Kontani H, NaitoHirashima MSD, Yamada K, Inoue J-IStudy of intrinsic spin and orbital hall effects in pt based on a (6s, 6p, 5d) tight-binding model. J Phys Soc Jpn (2007) 76:103702. doi:10.1143/JPSJ.76.103702
 3. Kontani H, Tanaka T, Hirashima DS, Yamada K, Inoue JGiant orbital hall effect in transition metals: origin of large spin and anomalous hall effects. Phys Rev Lett (2009) 102:016601. doi:10.1103/PhysRevLett.102.016601
 4. Go D, Jo D, Kim C, Lee H-WIntrinsic spin and orbital hall effects from orbital texture. Phys Rev Lett (2018) 121:086602. doi:10.1103/PhysRevLett.121.086602
 5. Rappoport TGFirst light on orbitronics as a viable alternative to electronics. Nature (2023) 619:38–9. doi:10.1038/d41586-023-02072-z
 6. Cysne TP, Costa M, Canonico LM, Nardelli MB, Muniz R, Rappoport TG. Disentangling orbital and valley hall effects in bilayers of transition metal dichalcogenides. Phys Rev Lett (2021) 126:056601. doi:10.1103/PhysRevLett.126.056601
 7. El Hamdi A, Chauleau JY, Boselli M, Thibault C, Gorini C Smogunov A, et al. Observation of the orbital inverse rashba–edelstein effect. Nat Phys (2023) 19:1855–60. doi:10.1038/s41567-023-02121-4
 8. Choi Y-G, Jo D, Ko KH, Go D, Kim KH Park HG, et al. Observation of the orbital hall effect in a light metal ti. Nature (2023) 619:52–6. doi:10.1038/s41586-023-06101-9
 9. Hayashi H, Jo D, Go D, Gao T, Haku S Mokrousov Y, et al. Observation of long-range orbital transport and giant orbital torque. Commun Phys (2023) 6:32. doi:10.1038/s42005-023-01139-7
 10. Seifert TS, Go D, Hayashi H, Rouzegar R, Freimuth F Ando K, et al. Time-domain observation of ballistic orbital-angular-momentum currents with giant relaxation length in tungsten. Nat Nanotechnology (2023) 18:1132–8. doi:10.1038/s41565-023-01470-8
 11. Go D, Jo D, Lee H-W, Kläui M, Mokrousov YOrbitronics: orbital currents in solids. Europhysics Lett (2021) 135:37001. doi:10.1209/0295-5075/ac2653
 12. Costa M, Focassio B, Canonico LM, Cysne TP, Schleder GR Muniz R, et al. Connecting higher-order topology with the orbital hall effect in monolayers of transition metal dichalcogenides. Phys Rev Lett (2023) 130:116204. doi:10.1103/PhysRevLett.130.116204
 13. Cysne TP, Guimarães FSM, Canonico LM, Costa M, Rappoport TG, Muniz RB. Orbital magnetoelectric effect in nanoribbons of transition metal dichalcogenides. Phys Rev B (2023) 107:115402. doi:10.1103/PhysRevB.107.115402
 14. Lee S, Kang MG, Go D, Kim D, Kang JH Lee T, et al. Efficient conversion of orbital hall current to spin current for spin-orbit torque switching. Commun Phys (2021) 4:234. doi:10.1038/s42005-021-00737-7
 15. Sinova J, Valenzuela SO, Wunderlich J, Back CH, Jungwirth TSpin hall effects. Rev Mod Phys (2015) 87:1213–60. doi:10.1103/RevModPhys.87.1213
 16. Garello K, Miron IM, Avci CO, Freimuth F, Mokrousov Y Blügel S, et al. Symmetry and magnitude of spin–orbit torques in ferromagnetic heterostructures. Nat Nanotechnology (2013) 8:587–93. doi:10.1038/nnano.2013.145
 17. Jo D, Go D, Lee H-WGigantic intrinsic orbital hall effects in weakly spin-orbit coupled metals. Phys Rev B (2018) 98:214405. doi:10.1103/PhysRevB.98.214405
 18. Sala G, Gambardella PGiant orbital hall effect and orbital-to-spin conversion in 3d, 5d, and 4f metallic heterostructures. Phys Rev Res (2022) 4:033037. doi:10.1103/PhysRevResearch.4.033037
 19. Beaurepaire E, Merle J-C, Daunois A, Bigot J-YUltrafast spin dynamics in ferromagnetic nickel. Phys Rev Lett (1996) 76:4250–3. doi:10.1103/PhysRevLett.76.4250
 20. Stanciu C, Hansteen F, Kimel AV, Kirilyuk A, Tsukamoto A Itoh A, et al. All-optical magnetic recording with circularly polarized light. Phys Rev Lett (2007) 99:047601. doi:10.1103/PhysRevLett.99.047601
 21. Lambert C-H, Mangin S, Varaprasad BSDCS, Takahashi YK, Hehn M Cinchetti M, et al. All-optical control of ferromagnetic thin films and nanostructures. Science (2014) 345:1337–40. doi:10.1126/science.1253493
 22. John R, Berritta M, Hinzke D, Müller C, Santos T Ulrichs H, et al. Magnetisation switching of fept nanoparticle recording medium by femtosecond laser pulses. Scientific Rep (2017) 7:4114. doi:10.1038/s41598-017-04167-w
 23. Busch O, Ziolkowski F, Mertig I, Henk JUltrafast dynamics of orbital angular momentum of electrons induced by femtosecond laser pulses: generation and transfer across interfaces. Phys Rev B (2023) 108:104408. doi:10.1103/PhysRevB.108.104408
 24. Nieuwenhuys GMagnetic behaviour of cobalt, iron and manganese dissolved in palladium. Adv Phys (1975) 24:515–91. doi:10.1080/00018737500101461
 25. Khajetoorians AA, Schlenk T, Schweflinghaus B, dos Santos Dias M, Steinbrecher M Bouhassoune M, et al. Spin excitations of individual fe atoms on pt(111): impact of the site-dependent giant substrate polarization. Phys Rev Lett (2013) 111:157204. doi:10.1103/PhysRevLett.111.157204
 26. Meier F, Lounis S, Wiebe J, Zhou L, Heers S Mavropoulos P, et al. Spin polarization of platinum (111) induced by the proximity to cobalt nanostripes. Phys Rev B (2011) 83:075407. doi:10.1103/PhysRevB.83.075407
 27. Bouhassoune M, Zimmermann B, Mavropoulos P, Wortmann D, Dederichs PH Blügel S, et al. Quantum well states and amplified spin-dependent friedel oscillations in thin films. Nat Commun (2014) 5:5558. doi:10.1038/ncomms6558
 28. Bouhassoune M, Dias Md. S, Zimmermann B, Dederichs PH, Lounis SRkky-like contributions to the magnetic anisotropy energy: 3d adatoms on pt(111) surface. Phys Rev B (2016) 94:125402. doi:10.1103/PhysRevB.94.125402
 29. Ibañez Azpiroz J, Dias MDS, Schweflinghaus B, Blügel S, Lounis STuning paramagnetic spin excitations of single adatoms. Phys Rev Lett (2017) 119:017203. doi:10.1103/PhysRevLett.119.017203
 30. Hermenau J, Ibañez-Azpiroz J, Hübner C, Sonntag A, Baxevanis B Ton KT, et al. A gateway towards non-collinear spin processing using three-atom magnets with strong substrate coupling. Nat Commun (2017) 8:642. doi:10.1038/s41467-017-00506-7
 31. Bouaziz J, Ibañez Azpiroz J, Guimarães FSM, Lounis SZero-point magnetic exchange interactions. Phys Rev Res (2020) 2:043357. doi:10.1103/PhysRevResearch.2.043357
 32. Hamamera H, Guimarães FSM, dos Santos Dias M, Lounis SPolarisation-dependent single-pulse ultrafast optical switching of an elementary ferromagnet. Commun Phys (2022) 5:16. doi:10.1038/s42005-021-00798-8
 33. Guimarães FSM, et al. TITAN. Zenodo (2023). doi:10.5281/zenodo.8099072
 34. Guimarães FSM, dos Santos Dias M, Bouaziz J, Costa AT, Muniz RB, Lounis S. Dynamical amplification of magnetoresistances and hall currents up to the thz regime. Scientific Rep (2017) 7:3686. doi:10.1038/s41598-017-03924-1
 35. Guimarães FSM, Bouaziz J, dos Santos Dias M, Lounis SSpin-orbit torques and their associated effective fields from gigahertz to terahertz. Commun Phys (2020) 3:19. doi:10.1038/s42005-020-0282-x
 36. Aceves Rodríguez UA, Mendes Guimarães FS, Brinker S, Lounis S. Magnetic exchange interactions at the proximity of a superconductor. arXiv : 2306 (2023) 02906. doi:10.1088/1361-648X/ad32de
 37. Aceves Rodriguez UA, Guimarães FSM, Lounis S. Superconductivity in nb: impact of temperature, dimensionality and cooper-pairing. J. Phys.: Condens. Matter (2024) 36:295801. doi:10.1088/1361-648X/ad32de/meta
 38. Kimel A, Kirilyuk A, Usachev PA, Pisarev RV, Balbashov AM, Rasing T. Ultrafast non-thermal control of magnetization by instantaneous photomagnetic pulses. Nature (2005) 435:655–7. doi:10.1038/nature03564
 39. Tesařová N, Němec P, Rozkotová E, Zemen J, Janda T Butkovičová D, et al. Experimental observation of the optical spin–orbit torque. Nat Photon (2013) 7:492–8. doi:10.1038/nphoton.2013.76
 40. Zhang G, Bai Y, George TFSwitching ferromagnetic spins by an ultrafast laser pulse: emergence of giant optical spin-orbit torque. EPL (Europhysics Letters) (2016) 115:57003. doi:10.1209/0295-5075/115/57003
 41. Berritta M, Mondal R, Carva K, Oppeneer PMAb initio theory of coherent laser-induced magnetization in metals. Phys Rev Lett (2016) 117:137203. doi:10.1103/PhysRevLett.117.137203
 42. Freimuth F, Blügel S, Mokrousov YLaser-induced torques in metallic ferromagnets. Phys Rev B (2016) 94:144432. doi:10.1103/PhysRevB.94.144432
 43. Choi G-M, Schleife A, Cahill DGOptical-helicity-driven magnetization dynamics in metallic ferromagnets. Nat Commun (2017) 8:15085. Available from:. doi:10.1038/ncomms15085
 44. Stoner EC. Collective electron ferromagnetism. Proc R Soc Lond Ser. A-Math. Phys. Eng. Sci. (1938) 165:372. doi:10.1098/rspa.1938.0066
 45. Guimarães FSM, Lounis S, Costa AT, Muniz RBDynamical current-induced ferromagnetic and antiferromagnetic resonances. Phys Rev B (2015) 92:220410. doi:10.1103/PhysRevB.92.220410
 46. Guimarães FS, dos Santos Dias M, Bouaziz J, Costa AT, Muniz RB, Lounis S. Dynamical amplification of magnetoresistances and hall currents up to the thz regime. Scientific Rep (2017) 7:3686–9. doi:10.1038/s41598-017-03924-1
 47. Guimarães FS, Suckert JR, Chico J, Bouaziz J, dos Santos Dias M, Lounis S. Comparative study of methodologies to compute the intrinsic gilbert damping: interrelations, validity and physical consequences. J Phys Condensed Matter (2019) 31:255802. doi:10.1088/1361-648x/ab1239
 48. Guimarães FS, Bouaziz J, dos Santos Dias M, Lounis SSpin-orbit torques and their associated effective fields from gigahertz to terahertz. Commun Phys (2020) 3:19–7. doi:10.1038/s42005-020-0282-x
 49. Chen Z, Luo J-W, Wang L-WRevealing angular momentum transfer channels and timescales in the ultrafast demagnetization process of ferromagnetic semiconductors. Proc Natl Acad Sci (2019) 116:19258–63. doi:10.1073/pnas.1907246116
 50. Volkov M, Sato SA, Schlaepfer F, Kasmi L, Hartmann N Lucchini M, et al. Attosecond screening dynamics mediated by electron localization in transition metals. Nat Phys (2019) 15:1145–9. doi:10.1038/s41567-019-0602-9
 51. Papaconstantopoulos DAHandbook of the band structure of elemental solids. Boston, MA: Springer US (2015). doi:10.1007/978-1-4419-8264-3
 52. Hairer E, Wanner G.Solving ordinary differential equations II: stiff and differential-algebraic problems (springer series in computational mathematics). Springer-Verlag Berlin Heidelberg (2010). Available from: https://www.springer.com/de/book/9783540604525.
 53. Higham NJAccuracy and stability of numerical algorithms. SIAM (2002). doi:10.1137/1.9780898718027.bm
 54. Supercomputing Centre J, Thörnig P. JURECA: modular supercomputer at Jülich supercomputing centre. J large-scale Res Facil (2018) 4:A132. doi:10.17815/jlsrf-4-121-1
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Hamamera, Souza Mendes Guimarães, dos Santos Dias and Lounis. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_8.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Ultrafast light-induced magnetization in non-magnetic films: from orbital and spin Hall phenomena to the inverse Faraday effect		Introduction

		Results		Laser-induced orbital magnetization without SOC

		Laser-induced spin and orbital magnetization with SOC

		Impact of laser intensity on induced magnetizations





		Discussion		Methods





		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/inline_7.gif





OPS/images/math_1.gif
M) = Ho + Hoe # Hooe = | de T ()AL (1)





OPS/images/inline_9.gif





OPS/images/inline_6.gif





OPS/images/inline_5.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Physics





OPS/images/inline_10.gif





OPS/images/inline_11.gif





OPS/images/fphy-12-1354870-g003.gif
e !*M






OPS/images/inline_1.gif





OPS/images/inline_4.gif
J, o) x L





OPS/images/inline_2.gif
OM. ox bgyyopz x E





OPS/images/inline_3.gif
SM; <L x E





OPS/images/cover.jpg
& frontiers | Frontiers in Physics






OPS/images/fphy-12-1354870-g001.gif





OPS/images/fphy-12-1354870-g002.gif





OPS/images/math_3.gif
A() = —2cos’ (nt/r)sin (wt)i. ®





OPS/images/math_2.gif
~=2cos’ (nt/r)[sin (@n)§ - cos(wn)i],  (2)






