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PhD thesis project

Magnetically doped Transition Metal Dichalcogenide
Thin Films via Molecular Beam Epitaxy

General Scope:
Transition metal dichalcogenides (TMDs), such as NbSe,, have long attracted interest owing to
their two-dimensional (2D) layered structure leading to outstanding properties. Among them, we
can mention a superconducting ground state or the presence of a charge-density-wave (CDW)
phase. In the early 2000s, the effects of light magnetic doping in NbSe, and related compounds
were investigated, revealing phenomena such as magnetic vortex lattice formation and an
apparent variation of superconductivity associated with local magnetic disorder. While increasing
magnetic dopant concentration generally suppresses superconductivity through pair-breaking
effects, more recent studies (e.g, Phys. Rev. B 106, 224429 (2022)) have shown that
superconductivity can persist being stabilized by the presence of strong magnetic fluctuations,
rather than being completely quenched. This counterintuitive behavior highlights the complex
interplay between spin fluctuations and Cooper pairing. At higher doping levels, these systems
may additionally develop unconventional magnetic states, including altermagnetic ordering.

Altermagnetism has recently been identified as a distinct magnetic phase of matter,
complementary to ferromagnetism and antiferromagnetism (Phys. Rev. X 12, 031042 (2022);
(Nat. Elec. 5, 735 (2022); Nature 626, 517 (2024); Nat. Comm. 15, 2116 (2024)). Altermagnets
combine the absence of net magnetization with highly efficient spin filtering and spin-charge
conversion properties. These effects arise from spin-split electronic bands generated without
relativistic spin-orbit coupling (SOC), together with
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resonance frequencies of altermagnets.

To date, altermagnetism has been predominantly explored in bulk single crystals. However, the
rapidly evolving field presents compelling opportunities to extend this phenomenology to thin
films and 2D materials. Building on earlier proposals of magnetically doped TMDs, we have
recently demonstrated using a combined theoretical and experimental approach that the
superconducting polymorph 2H-NbSe, can be tuned via site-ordered Co intercalation
(Cog.25:NbSe;) to stabilize a robust and well-defined altermagnetic state (see figure 1 and
arXiv:2502.20010 (2025)). Furthermore, by varying the stoichiometry away from this ordered
phase, we observe a continuous evolution of the magnetic ordering temperature, reaching values
as high as 170 K. Similar trends have also been observed upon Fe intercalation, indicating that the
phenomenon is not specific to Cobalt. Multiple combinations are also predicted (arXiv:2601.02481
(2025)). All these results were obtained on high-quality single crystals synthesized by chemical
vapor transport, not in thin-films.
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The aim of this experimental PhD project is to transition from bulk crystals to a thin film
platform based on molecular beam epitaxy (MBE)-grown thin films of magnetically
intercalated TMDs, with controlled concentrations of transition metal (3d) magnetic elements.
The primary focus will be on Se-based compounds. Among the magnetic dopants, Co and Fe will
be prioritized, as bulk reference systems have already been extensively characterized (see
previous part). Nb and Ta-based TMDs will be favored since they retain superconductivity under
moderate magnetic or chemical perturbations, making them especially suitable for investigating
competition between superconductivity and altermagnetic order.

The specific objectives of this PhD project are as follows.

(i) Synthesis: Develop and stabilize intercalated TMD thin films using MBE under ultra-high
vacuum conditions, with precise control over dopant concentration and film thickness. Achieving
uniform and well-ordered intercalation will require careful optimization of growth parameters
such as elemental fluxes, substrate and annealing temperatures, and growth kinetics. Several
approaches will be explored, including alternating layer deposition, co-deposition at elevated
temperature, and post-growth annealing. Structural optimization will be guided by in-situ
reflection high-energy electron diffraction (RHEED), in-situ X-ray photoelectron spectroscopy
(XPS), ex-situ X-ray diffraction (XRD), and scanning transmission electron microscopy (STEM) in
collaboration with CEA partners.

(ii) Characterization: Investigate the electronic and magnetic structures using a combination of
laboratory-based techniques and synchrotron-radiation facilities. These will include spin- and
angle-resolved photoemission spectroscopy (Spin-ARPES), bulk magnetometry, element-specific
X-ray magnetic circular dichroism (XMCD), and symmetry-sensitive magneto-transport
measurements to track outcoming properties such as anomalous Hall effect.

(iii) Theory-experiment interplay: Benefit from close collaboration with Spintec theory group
to enable rapid and quantitative comparison between experimental observations and first-
principles or model calculations.

(iv) Device integration (more exploratory): Explore the integration of altermagnetic TMD thin
films into prototype spintronic devices, such as magnetic tunnel junctions or spin valves, to test
spin filtering and spin-polarized tunneling in the absence of a net magnetic moment.

To our knowledge, no study has reported the synthesis of intercalated altermagnetic TMDs in
large-scale thin-film form. This project therefore constitutes a pioneering effort to extend
altermagnetism from bulk crystals to epitaxial thin films, establishing on the road a new family of
low-dimensional magnetically doped transition metal dichalcogenide materials compatible with
semiconductor technologies. Ultimately, this work could lay the basis for scalable quantum
spintronic architectures that are robust against stray magnetic fields.

Required SKkills:

e Together with a recent Master’s degree or close to its completion, we expect a PhD
candidate with a strong background in solid state physics and chemistry.

e We are looking for candidates who are self-driven highly motivated, creative, and excited
to work in an interdisciplinary team.

Laboratory: CNRS, CEA, IRIG-Spintec, F-38000 Grenoble, France

PhD Supervisors:
e Vincent Polewczyk, vincent.polewczyk@cnrs.fr, Groupe d’Etudes de la Matiere Condensée
(GEMaC), UMR 8635 Université de Versailles St Quentin en Y., Université Paris-Saclay
e Matthieu Jamet, matthieu.jamet@cea.fr, IRIG-Spintec, Grenoble, Université Grenoble
Alpes
e Vincent Baltz, vincent.baltz@cea.fr, IRIG-Spintec, Grenoble, Université Grenoble Alpes
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