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Outline
X-ray spectroscopy of Quantum Materials
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Engineering materials
History
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Electrons
… make the world go round (“Si age”)

Mass: 9.1×10-31 kg (<0.05% mAtom) 
Charge: −1 e = −1.6×10-19 C 
Size: blurred 
Energy: variable

Glue and property giver
Energy & information carrier
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Practical appeal of quantum materials
The quest for a better switch

IEEE Spectrum: The State of the Transistor in 3 Charts (2022)

≈2% of global primary

energy production
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How efficient?
Efficiency means avoiding unwanted excitations.
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How
Mechanisms can be complicated … and need not be universal
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Quantum materials
Definition

… solids with exotic physical properties, arising from the

quantum mechanical properties of their constituent 

electrons; such materials have great scientific and/or 

technological potential.
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Grand challenges
Quantum materials research
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Electrons
..are wave-like
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Waves + lattice = band structure
Wavelength-dependent transmission
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Electrons through a 1D lattice
Energy-dependent transmission

Soft X-ray Spectroscopy of Quantum Materials | Markus Scholz, 4th August 2025



DESY. Page 13

Electrons on a 2D lattice
Wavelength- & direction-dependent propagation (energy)
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Metals and insulators
toutestquantique.fr
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Band structure of copper
Why is copper conductive & reddish?
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Quantum materials
“Exotic” band structures

… solids with exotic physical properties, arising from the 
quantum mechanical properties of their constituent electrons; 
such materials have great scientific and/or technological 
potential. 
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Brief history of quantum materials
Spanning ≳4500 years
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Graphene
toutestquantique.fr
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“CMOS + X”

Towards 2D material electronics
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2D transistors
Beyond Si CMOS scaling
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Future transistors
The need for new (quantum) materials & mechanisms

Cao et al., Nature 620, 501 (2023) Mott insulator

MOSFET

Mott-FET
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Beyond Graphene
“The super materials that could trump graphene”
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Van der Waals heterostructures
“What if we mimic layered superconductors by atomic-scale LEGO?”

• clean, strain-free atomically sharp 
interfaces 

• (gate) tunable, emergent electronic 
properties

• new kinds of devices & electronics
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TMDC crystal growth
Chemical vapor transport

Group of Kai Rossnagel
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Commercial break
TMDC crystal growth

Group Rossnagel
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Scotch tape method
Mechanical exfoliation
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Van der Waals heterostructures
Quantum LEGO
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Intellectual appeal of quantum materials
The physics of ultrafast switching: complex coupled lattice & electron dynamics

Filippetto et al., Rev. Mod. Phys. 94, 045004 (2022)

▪ Speed?

▪ Efficiency?

▪ Mechanism?

Otto et al., PNAS 116, 450 (2019)

Free energyElectrostatic potential

insulating

monoclinic

VO2

metallic

rutile
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Twistronics
“With a simple twist, a ‘magic’ material is now the big thing in physics.”
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Twistronics
Twisted bilayer WSe2

Bandwidth control (via 
twist angle & gate 
voltages) Carrier density 
control (via gate voltages) 

Moiré superlattice

Flat band (pseudo-

spin degenerate, 2e− per 
126⋯205 W atoms) 
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Moiré quantum simulator
Controllable quantum Hamiltonians realized by twisted van der Waals heterostructures
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