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Introduction

Permanent magnets are crucial components of many devices in renewable energy technologies, such as wind turbines, a technology predicted to expand rapidly in coming years by the Department of Energy.1 Herein, we aim to explore novel synthetic routes towards the design of permanent magnets, by splitting the orbital (L) and spin (S) components of magnetic anisotropy between two elements: a paramagnetic transition metal, enabling access to S > 1/2 states, and a heavy diamagnetic element possessing a large spin-orbit coupling constant. The facile tunability of molecular species permits recombination of the two through metal-metal interactions and to investigate the propensity for heavy elements to transfer their orbital component onto transition metals. Herein, we utilize scaffold ligands to facilitate metal-metal interactions, and we employ high-field, variable-frequency EPR spectroscopy to investigate the enhancement of zero-field splitting (D), which serves as a proxy for magnetic anisotropy, in a series of (S = 1) heterobimetallic complexes.
Experimental


Microcrystalline powders were prepared in a dinitrogen atmosphere in a quartz 4 mm OD tube and sealed under vacuum. Cw-EPR measurements were performed on a multifrequency EPR spectrometer in the EMR Facility and its 15/17 T superconducting magnet.2 EPR spectra were collected at frequencies in the range of 49.6 GHz to 422.0 GHz, at temperatures ranging between 5 K and 100 K.
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Results and Discussion 

Cw-EPR spectra on four triplet spin Fe2+ complexes in trigonal bipyramidal geometry revealed a marked dependence of D on the variable axial ligands. D exhibits a strong dependence on the mass of the halide (Br vs. I) with a smaller dependence of the nature of the sigma donating tetralyene atom (Ge or Sn). Variable-frequency EPR spectra presented in Fig.1 (left), permitted assessment of the axial and transverse components of zero-field splitting (D and E), thus allowing for a clear magneto-structural correlation, with supporting Mössbauer spectroscopy. The second study, focusing on magnetic coupling through heavy, diamagnetic elements, which in this case features two Ni2+ metal centers (S = 1) that are coupling through a O3-Bi-O3 bridge permits assessment of the degree of magnetic anisotropy imparted onto the Ni2+ centers from the Bi3+ atom. EPR spectra, presented in Fig.1 (right), reveal clear evidence of magnetic coupling, where J is on the scale of 1 cm-1. Accurate simulation of the data is still in progress, but currently suggests increased anisotropy at the Ni2+ metal centers. The trends in these results provide a path forward towards redesigning heterobimetallic molecular complexes with stronger metal-metal interactions to affect stronger effects on magnetic anisotropy. 
Conclusions

We employ high-field, variable-frequency EPR spectroscopy to probe the transfer of spin-orbit coupling in a series of heterobimetallic complexes. The results obtained suggest a moderate influence of main group elements on the anisotropy of paramagnetic transition metals, whether through covalent metal-metal interactions or induced by magnetic coupling through the main group element. This work provides a stepping stone towards uncovering novel design principles for the construction of permanent magnetic materials. 
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Fig.1 EPR spectra and molecular structures of [SnFeBr] (left) and [Ni2Bi] (right) collected at 5 K and 49.2 and 107.2 GHz, respectively.









