Pis’ma v ZhETF, vol. 123, iss. 5, pp. 354 – 356 © 2026 March 10

The physics of superconductor–ferromagnet hybrid structures (Mini-review)

A. A. Golubov^{+∗1)}, S. V. Bakurskiy^∘, T. Karabassov^{+∗}, A. S. Vasenko^∗, M. Yu. Kupriyanov^{∘+}, A. S. Sidorenko^×

+Moscow Institute of Physics and Technology, 141700 Dolgoprudny, Russia

∗Higher School of Economics, 101000 Moscow, Russia

∘Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, 119991 Moscow, Russia

×Technical University of Moldova, 2004 Chisinau, Moldova

Submitted 19 January 2026 Resubmitted 19 January 2026 Accepted 22 January 2026

In this review, we summarize the foundations underlying a variety of phenomena in superconductor– ferromagnet hybrid structures, with a focus on recent advances in several key areas. These include: (i) the fundamental understanding of proximity effects in superconductor– ferromagnet based systems; (ii) spin-valve effects in superconductor– ferromagnet and superconductor–ferromagnet–superconductor Josephson junctions; and (iii) the design and realization of superconducting memory elements, particularly in hybrid Josephson junctions. We also discuss the experimental progress in fabricating and characterizing spin-valve structures.

DOI: 10.7868/S3034576626030069

Superconductor–ferromagnet (SF) hybrids exhibit rich quantum phenomena due to competing spin-singlet pairing and ferromagnetic polarization [1–3]. The exchange field H in the F-layer induces spatial oscillations in the superconducting order parameter, analogous to the Fulde–Ferrel–Larkin–Ovchinnikov (FFLO) state [4, 5]. This oscillatory proximity effect is characterized by a complex coherence length ξ = ξ_1 + iξ_2, where ξ_1 (decay) and ξ_2 (oscillation period) typically differ due to spin-flip/spin-orbit scattering. SF structures enable superconducting spin valves and memory elements. Devices like Co/Nb spin-valves show tunable magnetic reconfiguration at low fields [6]. The oscillatory pair amplitude causes non-monotonic behavior of T_c vs F-layer thickness d_F in SF nultilayers [7]. Reentrant superconductivity – where T_c vanishes then reappears with increasing d_F – observed in Nb/Cu_{1−x}Ni_x confirms FFLO-like states [8]. In SFS Josephson junctions the critical current I_c oscillates and decays as a function of the F-layer thickness d_F : I_c ∝ exp(−d_F /ξ_1) sin(d_F /ξ_2 + π/4). Negative I_c corresponds to a π-state with the ground-state phase difference π, first observed in Nb/Cu_{1−x}Ni_x/Nb structures [9]. Controllable 0–π transitions have been realized in [10] in Nb–Ni–Nb junctions fabricated by focused ion beam (FIB) etching (see Fig. 1). SIsFS junctions provide

1)e-mail: a.golubov1960@gmail.com

independent control of critical current (via SIs part) and ground state phase (via sFS part) enabling π-junctions or memory applications [14]. Future research directions include circuit integration and miniaturization for cryogenic and quantum applications [15].

The authors are thankful to V. V. Ryazanov, A. I. Buzdin, Ya. V. Fominov, I. I. Soloviev, N. V. Klenov, L. R. Tagirov, E. Il’ichev and R. Tidecks for numerous discussions.

Funding. The section “Proximity Effect” was prepared under support by the Russian Science Foundation (Grant 23-72-30004).

The section “Spin Valves for Cryogenic Memory” was prepared under support by the Russian Science Foundation (Grant 25-19-00057).

The section “Oscillations of T_c” was prepared under support by the Ministry of Science and Higher Education of the Russian Federation (Grant FSMG-2023-0014).

The section “Josephson Effect in Junctions with Ferromagnetic Barriers” was prepared under support by the Ministry of Science and Higher Education of the Russian Federation (Grant 075-15-2025-010). The data analysis of various spin valve structures was supported by the Higher School of Economics project “International Academic Cooperation.”

Conflict of interest. The authors of this work declare that they have no conflicts of interest.

354 Письма в ЖЭТФ том 123 вып. 5 – 6 2026

The physics of superconductor–ferromagnet hybrid structures (Mini-review) 355

Fig. 1. (Color online) (a), (b) – Experimental (dots) and simulated (solid lines) specular neutron reflectivity curves at T = 13 K in magnetic fields of H = 300 Oe (a) and H = 30 Oe (b). Insets: (a) – schematic of the sample; (b) – magnetic field dependence of the j = 1/2 Bragg peak (blue). The sample consists of a periodic [Co(2 nm)/Nb(8 nm)]×12 spin-valve structure [6]. Numbers above the peaks denote the Bragg reflection order. (c) – SEM image of an SFS junction fabricated using FIB etching. (d) – I–V characteristics of a Nb/Ni (7 nm)/Nb junction [10]. (e) – Calculated values of dependence of Tc on dF [11]. (f) – Experimental Tc(dF ) data from [12] (red dots) and [15] (black dots). Solid lines are theoretical fits for 0 and π states [11] in S/F/S structures using parameters from the measurements [12, 13]. Inset shows the temperature dependence of the magnetic moment for the set of samples marked in the main panel (from [14]. Inset: the curves 1–3 show the temperature dependence of the magnetic moment for the set of samples marked in the main panel

1. A. I. Buzdin, “Proximity effects in superconductorferromagnet heterostructures”, Rev. Mod. Phys. 77, 935 (2005).

2. F. S. Bergeret, A. F. Volkov, and K. B. Efetov, “Odd triplet superconductivity and related phenomena in superconductor–ferromagnet structures”, Rev. Mod. Phys. 77, 1321 (2005).

3. A. A. Golubov, M. Y. Kupriyanov, and E. Il’ichev, “The current-phase relation in Josephson junctions”, Rev. Mod. Phys. 76, 411 (2004).

4. A. I. Larkin and Y. N. Ovchinnikov, “Nonuniform state of superconductors”, ZhETF 47, 1136 (1964) [A. I. Larkin and Y. N. Ovchinnikov, “Nonuniform state of superconductors”, Sov. Phys. JETP 20, 762 (1965)].

5. P. Fulde and R. A. Ferrell, “Superconductivity in a strong spin-exchange field”, Phys. Rev. 135, A550 (1964).

6. N. Klenov, Y. Khaydukov, S. Bakurskiy, R. Morari, I. Soloviev, V. Boian, T. Keller, M. Kupriyanov, A. Sidorenko, and B. Keimer, “Periodic Co/Nb pseudo spin valve for cryogenic memory”, Beilstein J. Nanotechnol. 10, 833 (2019).

7. L. R. Tagirov, “Proximity effect and superconducting transition temperature in superconductor/ferromagnet sandwiches”, Physica C: Superconductivity 307(3–4), 145 (1998).

8. V. I. Zdravkov, J. Kehrle, G. Obermeier, H.-A. K. von Nidda, J. Lindner, J. Moosburger-Will, E. Nold, R. Morari, V. V. Ryazanov, A. S. Sidorenko, S. Horn, R. Tidecks, and L. R. Tagirov, “Reentrant superconductivity in superconductor/ferromagneticalloy bilayers”, Phys. Rev. B 82, 054517 (2010).

9. V. V. Ryazanov, V. A. Oboznov, A. Y. Rusanov, A. V. Veretennikov, A. A. Golubov, and J. Aarts, “Coupling of two superconductors through a ferromagnet: Evidence for a π junction”, Phys. Rev. Lett. 86(11), 2427 (2001).

10. O. Kapran, T. Golod, A. Iovan, A. Sidorenko, A. Golubov, and V. Krasnov, “Crossover between short- and long-range proximity effects in superconductor/ferromagnet/superconductor junctions with Nibased ferromagnets”, Phys. Rev. B 103, 094509 (2021).

11. T. Karabassov, V. S. Stolyarov, A. A. Golubov, V. M. Silkin, V. M. Bayazitov, B. G. Lvov, and A. S. Vasenko, “Competitive 0 and π states in S/F/S trilayers: Multimode approach”, Phys. Rev. B 100(10), 104502 (2019).

12. Y. N. Khaydukov, A. S. Vasenko, E. A. Kravtsov, V. V. Progliado, V. D. Zhaketov, A. Csik, Y. V. Nikitenko, A. V. Petrenko, T. Keller, A. A. Golubov, M. Y. Kupriyanov, V. V. Ustinov, V. L. Aksenov, and B. Keimer, “Magnetic and superconducting phase diagram of Nb/Gd/Nb trilayers”, Phys. Rev. B 97(14), 144511 (2018).

Письма в ЖЭТФ том 123 вып. 5 – 6 2026

356 A. A. Golubov, S. V. Bakurskiy, T. Karabassov et al.

13. J. S. Jiang, D. Davidović, D. H. Reich, and C. L. Chien,

“Oscillatory superconducting transition temperature in Nb/Gd multilayers”, Phys. Rev. Lett. 74, 314 (1995).

14. S. V. Bakurskiy, N. V. Klenov, I. I. Soloviev,

M. Y. Kupriyanov, and A. A. Golubov, “Theoretical model of superconducting spintronic SIsFS devices”, Appl. Phys. Lett. 102, 192603 (2013).

15. N. O. Birge and W. T. Satchell, “Ferromagnetic materials for Josephson junctions”, APL Mater. 12(4), 041101 (2024).

Письма в ЖЭТФ том 123 вып. 5 – 6 2026