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Figure 1 (Color online) (a) Crystal structure of monolayer MPCh;, in which the M atoms form a honeycomb lattice; (b) crystal structure of MPCh;;
(c) one crystal structure of CulnP,Sg; (d) crystal structure of Cr,Ge,Teg; (e) crystal structure of Mn;Si,Teg
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Thiopyrophosphates: an emerging class of layered
quantum materials

Shuang Jia

International Center for Quantum Materials, School of Physics, Peking University, Beijing 100871, China
E-mail: gwljiashuang@pku.edu.cn

Transition-metal compounds have attracted extensive attention owing to their structural diversity and rich physical
properties, among which thiopyrophosphates are particularly distinctive. Their chemical formula can be written as MPCh;
(where M denotes transition metals such as Fe and Ni, and Ch represents S or Se). Chemists often prefer the formula
M,P,Chg, regarding these compounds as inorganic salts consisting of divalent transition-metal cations and ethane-like
((PzCh6)4’) anionic units. Rewriting the composition as M,;3(P,);5S, reveals a formal similarity to transition-metal
dichalcogenides. However, unlike the triangular lattice formed by transition-metal atoms in the latter, the transition-metal
ions in MPCh; form a honeycomb lattice with the centers of the hexagons occupied by P, dimers. In these compounds, each
transition-metal ion is octahedrally coordinated by six chalcogen atoms, giving rise to a layered structure with cubic close-
packed chalcogen layers separated by van der Waals gaps. Although transition-metal phosphorus chalcogenides were first
reported in the late nineteenth century, their physical properties were not systematically investigated until the 1960s.
Because adjacent layers are held together solely by van der Waals interactions, the large interlayer spacing facilitates
intercalation reactions, making these materials promising for applications in energy storage and catalysis. Compounds
containing magnetic cations exhibit a wide variety of magnetic ground states. For example, MnPS; hosts a Néel-type
antiferromagnetic order, whereas FePS; exhibits a zigzag antiferromagnetic structure. Recent advances in two-dimensional
material technologies have greatly stimulated research on this family. Monolayer MnPCh; has been predicted to exhibit
antiferromagnetic valley physics that can be manipulated by polarized light. Few-layer MnPS;-based devices have realized
van der Waals magnon valve effects, while spin—orbit-entangled excitonic states have been discovered in NiPS;. These
discoveries highlight the unique opportunities offered by low-dimensional thiopyrophosphates for investigating the
interplay among spin, orbital, valley, and excitonic degrees of freedom and for developing next-generation spintronic and
magnonic devices. In addition, derivatives of transition-metal phosphorus chalcogenides exhibit even richer physical
properties. In compounds of the form Cu' "M**(P,S¢)*” (M’ =In, V, etc.), inversion symmetry breaking gives rise to van der
Waals ferroelectricity and multiferroicity. In Cr,Ge,Tes, Ge dimers replace P dimers, resulting in a ferromagnetic
semiconductor in which two-dimensional long-range ferromagnetic order persists down to the few-layer limit. In the
derivative compound Mn;Si,Tes, additional Mn ions are inserted into the van der Waals gaps, leading to intriguing
phenomena including magnetic-field-driven metal—insulator transitions and colossal magnetoresistance. Recent theoretical
studies further suggest that many members of this family remain to be discovered. The rich physics hosted by transition-
metal phosphorus chalcogenides and their derivatives remains far from fully explored, offering abundant opportunities for
future investigations by physicists and chemists.
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