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Hybrid Simulations for Materials Science
High Performance Computing

(HPC)

Exponential increase in com-

puting time with atom number

Quantum Computing

(QC)

Near-linear increase in com-

puting time with atom number

Alternative Quantum Hardware

Source: Institute For Nuclear Theory Report 18-008 and David Wecker (Microsoft Research)Matthias Sperl, DLR-MP, 27. September 2023
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Quantum Computing and Machine Learning

Credit: DLR, ICAMS, 1QBit

Density Functional Theory

Approximation

limited to 1000 atoms

Accurate solution 

limited to 10 atoms

Schroedinger Equation 
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simulation quality
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simulations of 

materials with 

narrow composition 

range

High Performance Computing

Classical algorithms

Exponential increase in com-

puting time with atom number
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Quantum Computing and Machine Learning

Credit: DLR, ICAMS, 1QBit

Density Functional Theory

Approximation

limited to 1000 atoms

Accurate solution 

limited to 10 atoms

Schroedinger Equation 

Approximation 

causes moderate 

simulation quality

Simplified 

simulations of 

materials with 

narrow composition 

range

High Performance Computing

Classical algorithms

Exponential increase in com-

puting time with atom number

Quantum Computing

Quantum algorithms

Near-linear increase in com-

puting time with atom number

Accurate solution 

>> 10 atoms

Schroedinger Equation

High fidelity 

simulation quality

Full simulation of 

complex metal alloys 

and polymers

Hybrid Schroedinger-Density-

Functional Theory solution 

Hybrid accurate solution 

>> 1000 atoms
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New Materials from Multiple Components: 
Many Possible Combinations

Credit: DLR, UBC

50-60 frequently used elements → 1060 possible combinations

Sustainable alloy developement



Matthias Sperl, DLR-MP, 27. September 2023

Small Contributions Matter
Defects, Doping, Glass-Ceramics, Glass-Forming Ability, …

N. Grund, DLR-MP, Impact of Minor Additions on the Structure and Dynamics of Metallic Melts (2023) ; Rusch et al., Ni-Nb-
P-based bulk glass-forming alloys: Superior material properties combined in one alloy family, Acta Mat. 254, 118968 (2023).

• Small changes can have big impacts, 

cf. mechanical properties

• Electronic structure changes structural properties

• Typically far less than 1 atom per unit cell

• No real definition of a unit cell for glasses

https://doi.org/10.1016/j.actamat.2023.118968
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Complex Routes to a Material: 
Glasses, Glass-Ceramics, and their dynamics

J. Deubner, et al., Updated definition of glass-ceramics, 
J. Non-Cryst. Solids 501, 3 (2018).

• Multiple steps in processes

• Amorphous and crystalline states

• Zerodur, Schott (1968) 

• Ceran, Schott (1971) 

https://doi.org/10.1016/j.jnoncrysol.2018.01.033
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Computational Costs and Predictive Power: 
Reassessment of Scalings

Marc Landmann, Fingerprints of Order and Disorder, 
Dissertation Uni Paderborn, p83, (2020)

• Test of classical approximations

• Invention of novel approximations

• Application-specific optimum
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Extension of Theory

Dor Ben-Amotz Science 376, 800(2022). M.Sperl, et. al., Phys. Rev. Lett. 104, 145701  (2010). 
N. Gnan, et al., Phys. Rev. Lett. 113, 258302 (2014). 

       

             

                   

             

 
 
   

   

 
 
   

  

      

• Simple models with complex effects: What about 

realistic models?

• Novel state/phase transitions

• Orders of magnitude changes in material properties

https://doi.org/10.1126/science.abo3398
https://doi.org/10.1103/PhysRevLett.104.145701
http://dx.doi.org/10.1103/PhysRevLett.113.258302
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Materials Physics: Theory, Simulation and Experiments

Credit: DLR-MP; T. E. Markland, et al., Nature Physics 7, 134-137 (2011). 

• Crossing different scales of description

• Experimental data from laboratory and space

• Simple models with quantum effects

• Hard-Sphere System: glass transitions

• Landscape for (quantum) machine learning

https://doi.org/10.1038/nphys1865
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Water, Metallic Alloys, Concrete and Redox Materials

Habert et al, Nature Reviews Earth & Environment 1, 559 (2020).

Metallic Alloys and Redox Materials: Many possible combinations; Small contributions matter

Minerals: Structure and dynamics determine properties and processes

Theory: Hints to quantum effects and influences

https://doi.org/10.1038/s43017-020-0093-3

