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Fig. 1. (a) Schematic structure of the monolayer NbyClg kagome lattice; (b) schematic molecular orbital energy levels of the Nbg tri-
mer; (c) temperature dependence of the magnetic susceptibility x(7') for NbsClg. Reproduced with permission from Ref.[6];

(d) crystal structure of the a-NbsClg primitive cell; (e) schematic illustration of the interlayer dimer molecular orbital splitting in
B-Nb;Clg; (f) crystal structure of 3-Nb,Clg in the standard unit cell with R3 symmetry.
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Fig. 2. (a) Band structures and orbital-resolved density of states (DOS) for monolayer and bulk a-Nb3Clg; (b) schematic representa-
tion of Wannier functions for the atomic-orbital-based three-band model and (c) the molecular-orbital-based single-band model. Re-
produced with permission from Ref.[19]; (d) correlated spectral function of monolayer NbsClg calculated using dynamical mean-field

theory (DMFT); (e) activation gap Fg as a function of hydrostatic pressure for a-NbsClg derived from electrical transport measure-

ments. The data are taken from Ref.[30,31].
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Fig. 3. (a) Atom-projected DFT band structure of 3-Nbsls; (b) ARPES spectra of 3-Nbslg. Reproduced with permission from
Ret.[10]; (¢) DMFT correlated and STM spectral functions for a bilayer 3-NbsClg slab, where the simulated cleavage plane does not
pass through the obstructed Wannier charge center (OWCC). Reproduced with permission from Ref.[40]; (d) DFT band structure of
B-Nbslg in the interlayer antiferromagnetic (AFM) configuration. Reproduced with permission from Ref.[10].
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Abstract

Van der Waals layered transition metal halides NbyXg (X = Cl, Br, I) constitute a class of strongly

correlated quantum materials featuring a unique breathing Kagome lattice structure. Owing to strong Nb-Nb

metallic bonding, the system exhibits pronounced intra-layer Nbj trimerization and inter-layer dimerization,

extending the conventional atomic-scale Mott transition and obstructed atomic insulator physics to the cluster

scale and thereby manifesting rich physical implications. This review systematically summarizes the research

progress on the NbsXg family, with emphasis on their lattice structures, electronic spectra, coupling among

multiple physical degrees of freedom, and device applications. Regarding the lattice and electronic structures,

* Project supported by the National Key Research and Development Program of China (Grant No. 2022YFA1402703), the
National Natural Science Foundation of China (Grant Nos. 12574271, 92365204), and the Sino-German International

Exchange Program (Grant No. M-0006).

1 Corresponding author. E-mail: ligang@shanghaitech.edu.cn

190713-12


https://doi.org/10.1038/s41467-025-58885-1
https://doi.org/10.1038/s41467-025-58885-1
https://doi.org/10.1038/s41467-025-58885-1
https://doi.org/10.1038/s41467-025-58885-1
https://doi.org/10.1038/s41467-025-58885-1
https://doi.org/10.1038/s41467-025-58885-1
https://doi.org/10.1038/s41467-025-58885-1
https://doi.org/10.1103/PhysRevB.111.155122
https://doi.org/10.1103/PhysRevB.111.155122
https://doi.org/10.1103/PhysRevB.111.155122
https://doi.org/10.1103/PhysRevB.111.155122
https://doi.org/10.1103/PhysRevB.111.155122
https://doi.org/10.1103/PhysRevB.111.155122
https://doi.org/10.1103/PhysRevB.111.155122
https://arxiv.org/abs/2509.03988
https://arxiv.org/abs/2509.03988
https://arxiv.org/abs/2509.03988
https://arxiv.org/abs/2509.03988
https://doi.org/10.7566/JPSJ.93.111002
https://doi.org/10.7566/JPSJ.93.111002
https://doi.org/10.7566/JPSJ.93.111002
https://doi.org/10.7566/JPSJ.93.111002
https://doi.org/10.7566/JPSJ.93.111002
https://doi.org/10.7566/JPSJ.93.111002
https://doi.org/10.7566/JPSJ.93.111002
https://doi.org/10.1103/PhysRev.117.1442
https://doi.org/10.1103/PhysRev.117.1442
https://doi.org/10.1103/PhysRev.117.1442
https://doi.org/10.1103/PhysRev.117.1442
https://doi.org/10.1103/PhysRev.117.1442
https://doi.org/10.1103/PhysRev.117.1442
https://doi.org/10.1103/PhysRev.117.1442
https://doi.org/10.1016/0022-4596(71)90091-0
https://doi.org/10.1016/0022-4596(71)90091-0
https://doi.org/10.1016/0022-4596(71)90091-0
https://doi.org/10.1016/0022-4596(71)90091-0
https://doi.org/10.1016/0022-4596(71)90091-0
https://doi.org/10.1016/0022-4596(71)90091-0
https://doi.org/10.1016/0022-4596(71)90091-0
https://doi.org/10.1021/cm049235q
https://doi.org/10.1021/cm049235q
https://doi.org/10.1021/cm049235q
https://doi.org/10.1021/cm049235q
https://doi.org/10.1021/cm049235q
https://doi.org/10.1021/cm049235q
https://doi.org/10.1021/cm049235q
https://doi.org/10.1021/cm049235q
https://doi.org/10.1016/j.newton.2025.100292
https://doi.org/10.1016/j.newton.2025.100292
https://doi.org/10.1016/j.newton.2025.100292
https://doi.org/10.1016/j.newton.2025.100292
https://doi.org/10.1016/j.newton.2025.100292
https://doi.org/10.1016/j.newton.2025.100292
https://doi.org/10.1016/j.newton.2025.100292
https://doi.org/10.1063/5.0320484
https://doi.org/10.1063/5.0320484
https://doi.org/10.1063/5.0320484
https://doi.org/10.1063/5.0320484
https://doi.org/10.1063/5.0320484
https://doi.org/10.1063/5.0320484
https://doi.org/10.1063/5.0320484
https://doi.org/10.1063/5.0320484
https://doi.org/10.1088/2053-1583/add026
https://doi.org/10.1088/2053-1583/add026
https://doi.org/10.1088/2053-1583/add026
https://doi.org/10.1088/2053-1583/add026
https://doi.org/10.1088/2053-1583/add026
https://doi.org/10.1088/2053-1583/add026
https://doi.org/10.21203/rs.3.rs-3457733/v1
https://doi.org/10.21203/rs.3.rs-3457733/v1
https://doi.org/10.21203/rs.3.rs-3457733/v1
https://doi.org/10.21203/rs.3.rs-3457733/v1
https://doi.org/10.1103/PhysRevB.108.115407
https://doi.org/10.1103/PhysRevB.108.115407
https://doi.org/10.1103/PhysRevB.108.115407
https://doi.org/10.1103/PhysRevB.108.115407
https://doi.org/10.1103/PhysRevB.108.115407
https://doi.org/10.1103/PhysRevB.108.115407
https://doi.org/10.1103/PhysRevB.108.115407
https://doi.org/10.1103/9n97-dp2z
https://doi.org/10.1103/9n97-dp2z
https://doi.org/10.1103/9n97-dp2z
https://doi.org/10.1103/9n97-dp2z
https://doi.org/10.1103/9n97-dp2z
https://doi.org/10.1103/9n97-dp2z
https://doi.org/10.1103/9n97-dp2z
https://doi.org/10.1103/9n97-dp2z
https://doi.org/10.1021/acsomega.3c01019
https://doi.org/10.1021/acsomega.3c01019
https://doi.org/10.1021/acsomega.3c01019
https://doi.org/10.1021/acsomega.3c01019
https://doi.org/10.1021/acsomega.3c01019
https://doi.org/10.1021/acsomega.3c01019
https://doi.org/10.1021/acsomega.3c01019
https://doi.org/10.1021/acsami.4c12665
https://doi.org/10.1021/acsami.4c12665
https://doi.org/10.1021/acsami.4c12665
https://doi.org/10.1021/acsami.4c12665
https://doi.org/10.1021/acsami.4c12665
https://doi.org/10.1021/acsami.4c12665
https://doi.org/10.1021/acsami.4c12665
https://doi.org/10.1103/hz2t-ndcc
https://doi.org/10.1103/hz2t-ndcc
https://doi.org/10.1103/hz2t-ndcc
https://doi.org/10.1103/hz2t-ndcc
https://doi.org/10.1103/hz2t-ndcc
https://doi.org/10.1103/hz2t-ndcc
https://doi.org/10.7498/aps.72.20231163
https://doi.org/10.7498/aps.72.20231163
https://doi.org/10.7498/aps.72.20231163
https://doi.org/10.7498/aps.72.20231163
https://doi.org/10.7498/aps.72.20231163
https://doi.org/10.7498/aps.72.20231163
https://doi.org/10.7498/aps.72.20231163
https://doi.org/10.7498/aps.72.20231163
https://doi.org/10.7498/aps.72.20231163
https://doi.org/10.7498/aps.72.20231163
https://doi.org/10.7498/aps.72.20231163
https://doi.org/10.7498/aps.72.20231163
https://doi.org/10.7498/aps.72.20231163
https://doi.org/10.7498/aps.72.20231163
https://doi.org/10.48550/arXiv.2506.21837
https://doi.org/10.48550/arXiv.2506.21837
https://doi.org/10.48550/arXiv.2506.21837
https://doi.org/10.1002/adfm.202511716
https://doi.org/10.1002/adfm.202511716
https://doi.org/10.1002/adfm.202511716
https://doi.org/10.1002/adfm.202511716
https://doi.org/10.1002/adfm.202511716
https://doi.org/10.1002/adfm.202511716
https://doi.org/10.1002/adfm.202511716
https://doi.org/10.1039/D5MH01103E
https://doi.org/10.1039/D5MH01103E
https://doi.org/10.1039/D5MH01103E
https://doi.org/10.1039/D5MH01103E
https://doi.org/10.1039/D5MH01103E
https://doi.org/10.1039/D5MH01103E
https://doi.org/10.1039/D5MH01103E
mailto:ligang@shanghaitech.edu.cn
mailto:ligang@shanghaitech.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 19 (2026) 190713

we analyze the potential of the high-temperature o phase as a cluster Mott insulator for exploring quantum spin
liquids, as well as the layer-number parity dependence and correlated surface state characteristics exhibited by
the low-temperature 3 phase as an obstructed atomic insulator (OAI). In the context of state manipulation, we
summarize novel elementary excitations such as “breathing ferroelectricity” and chiral phonons derived from the
flat-band electronic structure and breathing-mode distortion, together with the current status of research on the
coupling control of the Mott gap and triferroicity (ferromagnetism, ferroelectricity, ferrovalley) via external
tuning knobs such as pressure and electric field. Finally, we outline prospects for applications of van der Waals
heterostructures based on this system in areas such as ultra-broadband infrared detection, topological quantum
computation, and field-free superconducting diodes. This material platform not only provides an ideal venue for
investigating strong correlation effects and topological quantum chemistry, but also opens a new pathway for

developing next-generation low-power, multifunctional quantum devices.

Keywords: Mott insulator, strong electronic correlation, multiferroicity, van der Waals heterostructure
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