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Two-dimensional materials –  

A ROMANCE in four dimensions

What is a two-dimensional (2D) material in a three (or higher) 

a dimensionality of 2 is obvious, but what about nature? Things 

are different in 2D. 2D objects in a 3D world are different. This 

earth society – yes, it does exist indeed!) and even impacts 

how about the hard sciences, chemistry, physics? Landau and 

Peierls doubted the existence of 2D crystals at temperatures 

out the existence of long-range crystalline ordering in one or two 

dimensions, without making the harmonic approximation.” also 

known as the Mermin-Wagner theorem, was published in 1966 

energy than bond compression. Hence, in a thermal motion, it 

costs less energy if the atoms of a compressed bond escape to 

the third dimension. Nonetheless, atom/molecule-thick crystals 

2

compare with the theoretical predictions of Landau, Peierls, 

Mermin and Wagner? In fact, these 2D crystals are not really 

2

considerations and materials science in harmony. 

Those early works did not attract much attention, as despite the 

beautiful demonstration that atom/molecule-thick materials can 

be prepared in the laboratory, there was little reason to research 

or to apply them in a purposeful manner. The breakthrough of 

2D crystals was in 2004, when Novoselov, Geim and others pub-

led to the Nobel prize in 2010. The attention was well-deserved, 

as despite making atomically-thin carbon layers that are stable in 

ambient environment, the authors also showed that the electron-

ic properties of a crystalline monolayer exfoliated from graphite 

proximity effect was entirely unexpected – why should the weak 

London dispersion interaction between two saturated layers 

make a difference in electronic structure? The surprise was not 

restricted to graphene, also MoS2 monolayers (and most other 

transition-metal dichalcogenides (TMDCs)) show strong differ-

ences between single layer and bulk: An indirect-to-direct band 

gap transition gives a strongly enhanced photoluminescence 

signal for single-layer MoS2

inversion symmetry, contrary to bilayers or their 2H bulk counter-

parts, which results in a giant spin-orbit splitting in these materi-

-

tals have been established using high-throughput modelling and 

-

-

strate for this purpose, which makes them, strictly speaking, 

surfaces, where the arguments of Lifshitz, Peierls, Mermin and 

albeit being a surface heterostructure, apparently the electronic 

properties of surface-supported monolayers are in most cases 

is appreciated by the theorists, who can put the 2D systems in 

small periodic cells, much smaller than the rippling lengths of 

the free-standing natural material.

material to be considered 2D? Is it the thickness? Then when 

should we consider it to be truly two-dimensional? If it is atomi-

cally thin as graphene or hexagonal boron nitride? What if the 

atoms are somewhat corrugated, as in phosphorene or silicene? 

Are covalently bound 2D crystals, where a monolayer is made of 

several atomic planes, as for example TMDCs or any other exfoli-

ated monolayer of a van der Waals crystal, truly two-dimension-

al? In a discussion with Hans-Peter Steinrück and Xinliang Feng 

have translational symmetry in two-dimensions, but not in the 3rd 

research center “Chemistry of synthetic 2D materials”, CRC 1415 

nicely works for free-standing and deposited monolayers, but also 

for few layers and for stacks of materials where the material does 

not crystallize in the third dimension. This is the case for 2D poly-

mers and covalent-organic frameworks, where molecular building 

stacking direction is broken, limiting the sharpness of the powder 

virtually any 2D lattice symmetry. While early 2D COFs and 2D 

polymers did not have conjugated molecular orbitals and hence 

pronounced semiconductor properties with dispersed electronic 
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bands, the introduction of conjugation by suitable coupling reac-

-

recently demonstrated on honeycomb-kagome lattices, where 

the honeycomb-imposed Dirac cone has been experimentally 

demonstrated using angle-resolved photoelectron spectroscopy 

Thus, with graphene, hexagonal boron nitride, inorganic 2D crys-

tals, including TMDCs and others, and synthetic 2D materials, 

such as 2D COFs and 2D polymers, an immense variety of 2D 

crystals are available and ready for our use. They include semi-

conductors, 2D metals, Dirac semimetals, superconductors, 

trivial and topological insulators. Chemical functionality can be 

incorporated using defects or functional groups. As if this is not 

interesting enough, a new world of 2D materials is just starting to 

-

ent properties compared to the respective monolayer. In bilayers, 

a band gap opens in graphene, group 6 TMDCs become indirect 

gets interesting if the layers are twisted with respect to each oth-

were mainly of theoretical interest, as the Moiré patterns create 

-

graphene appears at a twist angle of exactly 30°, as it gives a 

2D crystals, e.g., in MoS2. Here, for small twist angles, a strong 

lattice reconstruction leads to the formation of large low-energy 

domains, which form a hexagonal pattern with alternating sym-

metries between adjacent domains. The resulting superlattice is 

predicted to give a Dirac band at the top of the valence band 

-

ing or formation of a chemical bond, materials characteristics 

can change drastically. Controlling the electronic structure using 

-

ties, which can also work in the 4th dimension – time: in a smart 

setup, the twist angle of graphene bilayers can be controlled dy-

Superlattices are not restricted to bilayers of the same crystal. 

Due to the lattice mismatch, heterostructures of different 2D 

crystals show Moiré patterns even without twist. These struc-

tures are currently being explored world-wide, including in Ger-

many, where more than 30 groups investigate their properties 

in Priority Program “2D materials: the physics of 2D van der 

gemeinschaft (DFG SPP 2244).

This short survey did not discuss many application-oriented as-

pects of 2D materials, such as nanoelectronics beyond silicon, 

transistors operating with very low power by using interlayer ex-

citons as charge carriers, atom-thin membranes to transfer pro-

potential applications of 2D crystals increases day by day, and 

-

ground for the implementation of new quasiparticles, magnetism, 

multiferroics, topological properties, and exotic states of matter.
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