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Correlation effects in 2D quantum materials 
Quantum materials with a 2D structure, such as transition-metal 
dichalcogenides (TMDs), can host phases ranging from Mott insulating to 
superconducting and quantum spin liquids. Predicting their properties 
requires advanced electronic structure and diagrammatic techniques. In this 
project, we will investigate 1T-TaS(e)2, a strongly correlated TMD, to 
determine whether it hosts a quantum spin liquid state, where spins remain 
disordered even at the lowest temperatures. Our approach will combine 
density functional theory with diagrammatic methods, computing spin 
susceptibilities using the ab-initio dynamical vertex approximation.
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Helpful prerequisites: good knowledge in quantum mechanics and linear 
algebra, programming skills (Python, Fortran). 

What you will learn: skills in high-performance computing, participation in a 
cutting-edge research project in theoretical solid-state physics.


Employment: student assistant for 6 months (8h/week). 
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Figure 1: Lattice structure variants of TMDs: (a) trigonal prismatic (2H), (b) octahedral (1T),
and (c) distorted octahedral (Td) polymorphs. The dashed black lines represent the unit cells. Adapted
from Ref. [22].

2.1 Transition-metal dichalcogenides (TMDs)

Transition-metal dichalcogenides with the formula MX2 (where M is a transition-metal and X is a

chalcogen such as S, Se or Te), are vdW materials that can be exfoliated or grown layer-by-layer.

They have been studied for their charge density wave (CDW) phases since the 1970s [20, 21]. Unlike

graphene, many TMDs, such as MoS2 and WS2, are semiconductors with band gaps in the near-

infrared to visible region, making them promising for photonic and optoelectronic applications [2].

However, not all TMDs are semiconductors, they exhibit a wide variety of lattice structures and

electronic properties. Fig. 1 illustrates the prevalent TMD lattice structures [22]. The most common

is the 2H polymorph (Fig. 1a), with trigonal prismatic transition-metal coordination and two layers

per unit cell; semiconducting TMDs such as 2H-MoS2 and 2H-WS2 adopt this structure. The 1T

polymorph (Fig. 1b) has octahedral transition-metal coordination, with 1T-TaS2 and 1T-TaSe2 as

notable examples. The Td structure (Fig. 1c), characterized by distorted octahedra, is typically the

most stable low-temperature polymorph for compounds involving Te such as Td-MoTe2 [23].

The Td polymorph breaks inversion symmetry, leading to a topological type-II Weyl semimetal

phase in Td-MoTe2 [24] and Td-WTe2 [25]. Notably, an experiment [26] demonstrated that the topol-

ogy of Td-WTe2 can be manipulated by a terahertz laser, which induces interlayer shear strain to

switch between the Td and a metastable, topologically trivial polymorph. Furthermore, the non-

centrosymmetric Td structure is polar, enabling ferroelectricity. Surprisingly, in Td-MoTe2 and Td-

WTe2, out-of-plane ferroelectricity persists in bi- or trilayers, despite the expected screening e↵ects of

itinerant electrons, and can be controlled by external electric fields [27, 28]. In bilayer Td-MoTe2, ferro-

electricity coexists with superconductivity below 2.3K [27], suggesting potential for low-temperature,

electric-field-driven superconducting switches. The superconducting phase in Td-MoTe2 is particularly

intriguing, as experiments show a strong enhancement of superconductivity with decreasing thickness

of the material, reaching a TC of 7.6K in the monolayer [29]. This has led to speculation that the

increased superconducting pairing interaction may result from changes in the screened Coulomb in-

teraction with reduced dimensionality [29]. However, no theoretical work has yet established the

superconducting mechanism in this material.
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