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finite elements
grain structure

grain boundaries, orientation

segregations, multiple phases

crystal plasticity

structure, dynamics of dislocations 

chemical binding / electronic structure

Hierarchical nature of structural materials

Challenges in Materials Modeling
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Structural design of the 
active region
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Optoelectronic Devices 

Challenges in Materials Modeling
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Challenges in Materials Modeling
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Development of accurate and reliable simulation tools for 
materials design

Aim

Are QM-based bottom-up methods able to address complexity and 
high temperature properties of modern materials?

Questions:

Is the accuracy at the most fundamental level sufficiently accurate? 
(How “robust” are today's available ab initio techniques?)

Can such an approach be used on present day computers?
(“smart” statistical approaches to sample huge configuration space)

Can we estimate error bars through all scales?

Key quantity:
Free energy: Materials properties at finite temperatures 
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Solid-Solid Phase Transitions

Free energy difference between bcc and fcc iron

empirical potentials
experiment

fccbcc bcc

~1meV

Energy resolution better 1 meV!
→ Can we achieve such accuracy with present

day DFT functionals? 
→ Can we “afford” statistical averages with such an accuracy?

Comp. Mat. Sci. 
41, 297 (2008)

Key quantity: Free energy 
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Free energies: What accuracy is needed? 

Free energy difference between bcc and fcc calcium

Target:
Numerical precision <1meV  
 remaining error purely due to xc-functional

Target:
Numerical precision <1meV  
 remaining error purely due to xc-functional
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DFT has been originally developed as a ground state (T=0K) theory

→ How to extend it to finite temperatures?
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Ab initio computed Free energies
Approach (schematic):

Energy for any configuration/phase can be computed:

  ,...,,, iIIItot fZRE 


→ applicable to any system: bulk, surface, nano, … 

All possible excitation mechanisms can be described:
→ vibrational, magnetic, electronic, chemical, …

Statistical averages provide thermodynamic quantities:
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Knowledge of partition function allows to derive any thermodynamic quantity!
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Ab initio Thermodynamics
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107 configurations
a few hours

Key: Calculate partition function
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Key: Calculate partition function
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Reduce       dimensionality

Ab initio thermodynamics: Fundamentals
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E
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rg
y

xint

Consider Born-Oppenheimer Surface

Divide high dimensional phase space into well defined regions
→ split up energy in corresponding contributions

Phase I Phase II Phase III

   anharmharmminBOS ,  EEEZRE II 
   anharmharmminBOS ,  EEEZRE II 


Ab initio thermodynamics: Fundamentals
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Ab initio Thermodynamics

Statistical averages 
over coordinates,
magnetic moments,
occupations, chemical
compositions
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Adiabatic 
approximation

+ cross terms 
e.g. electron-phonon

interactions
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Quasiharmonic approximation + electronic
excitations

Quasiharmonic approximation + electronic
excitations
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Vibrational Properties: Phonons

Grabowski, Hickel, JN, PRB 76, 024309 (2007)

→ GGA does not outperform
LDA

→ characteristic errors of
<10% in phonon energies

→ LDA and GGA provide 
bounds to exp. data
→ provide “ab initio error

bars”

→ GGA does not outperform
LDA

→ characteristic errors of
<10% in phonon energies

→ LDA and GGA provide 
bounds to exp. data
→ provide “ab initio error

bars”
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Free energy
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Are contributions beyond quasiharmonic
approximation relevant?

Are contributions beyond quasiharmonic
approximation relevant?
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Specific Heat at High Temperatures 

Question:
→ origin of additional degrees

of freedom at high T

Question:
→ origin of additional degrees

of freedom at high T

Assumption:
→ anharmonicity
→ electrons in conduction band

Assumption:
→ anharmonicity
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Present proposals:
→ vacancies
→ di-vacancies and interstitials
→ self-critical vacancy conc.
→ anharmonicity
→ electrons in conduction band

…
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Challenges
ExperimentExperiment

Error sources
• Radiation losses (~T3) 
• Defects, imperfections

Error sources
• Radiation losses (~T3) 
• Defects, imperfections

P.D. Desai, Int. J. of Thermophysics 8, 621 (1987) 
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Can we use empirical potentials to describe 
anharmonic contributions

Can we use empirical potentials to describe 
anharmonic contributions

How to sample over 107 configurations with
ab initio accuracy?

How to sample over 107 configurations with
ab initio accuracy?
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Coarse graining configuration space

Thermodynamic integration
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Main challenge:
Reduce number of (ab initio) configurations by several orders
of magnitude

from MD or MC

Two major concepts

Free energy perturbation
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Thermodynamic Integration

Key idea: Compute free energy change between reference system A
and real system B 
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MD simulation in TI-step
Application straightforward if
good reference is available

Typically the number of 
configurations can be reduced by
1-2 orders of magnitude
→ several 104 configurations

Not affordable on highest ab initio
level 
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Free energy perturbation

Key idea: Compute free energy change between reference system A
and real system B 
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How to boost coarse graining?

Cycles in thermodynamic integration    
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Thermodynamic average 
(103…104 MD steps)

→ Improved reference reduces step number
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Solution

 integration (2-10 steps)

Thermodynamic average (103…104 MD steps)

→ Improved reference reduces step number
→ Here: Quasiharmonic reference
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→ Use free energy perturbation approach
→ Use low/medium converged DFT as reference

→ Reduces number
of configurations by 102 
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Performance of the new approach 

• Wavefunction extrapolation 
• Thermodyn. integr. (TI) with Langevin dynamics
• Ensemble average instead of time average 

(parallelization)
• Up-sampling in  step
• etc.
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Grabowski et al., Phys. Rev. B79, 134106 (2009). 

Required CPU time
(logarithmic)

Molecular 
dynamics

Thermodyn.
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Efficient coarse graining reduces number of 
configurations from 107 to a few 102 !

→ Opens the way to a fully ab initio determination 
of free energies



MPIE Düsseldorf, Dept. Computational Materials Design IPAM MDWS1,  Los Angeles (Oct. 1-5,  2012)

Benchmark against experimentBenchmark against experiment
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Vacancy concentration
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[#] R. O. Simmons and R. W. Balluffi, Phys. Rev. 117, 52 1960.
Th. Hehenkamp, J. Phys. Chem. Solids 55, 907 1994.

el + qh + ah
el + qh

DFT (qh) DFT (anh. incl.) Exp.
Ef (eV) 0.65 0.78 0.75
S (kB) 0.2 2.2 2.4
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Thermal expansion coefficient 

 Excellent agreement with experiment
 Systematic trend: LDA and GGA provide approximate measure of error bars
 Excellent agreement with experiment
 Systematic trend: LDA and GGA provide approximate measure of error bars

Temperature (K)

Experiment

Thermal expansion coefficient of Al

F (V,T) = Fel(V,T)+Fqh(V,T) 
+ Fqh,el(V,T) + Fah(V,T) 
+ Fvac(V,T) + Fint(V,T)

Grabowski, Ismer, Hickel, Neugebauer, Phys. Rev. B 79, 134106 (2009) 
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Heat Capacity

 DFT gives lower bound to all recent experiments DFT gives lower bound to all recent experiments

F (V,T) = Fel(V,T)+Fqh(V,T) 
+ Fqh,el(V,T) + Fah(V,T) 
+ Fvac(V,T) + Fint(V,T)

Heat capacity of Al
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ApplicationsApplications
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Calcium: Heat capacity
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Calcium: Heat capacity
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Calcium: Heat capacity
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Calcium: Heat capacity
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Magnetic ExcitationsMagnetic Excitations
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Magnetic Excitations

T > 0K

J1

J4

J2 ji
ji,

 ji,JH SS  

Construct spin Hamiltonian 
(e.g. Heisenberg model)

Typically 30 and more neighbors
have to be included!
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Magnons

Koermann, et al., PRB 78, 033102 (2008)
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Finite Temperature Magnetism 

Hierarchy of approaches:

 classical Monte-Carlo (MC):
→ fails below TC

 analytical approach (RPA): 
→ only <TC

 quantum Monte-Carlo (QMC): 
→ map on eff. Hmag

→ works everywhere

Example: Heat capacity of  iron

Heat 
capacity

ji
ji,

 ji,
mag JH SS  Construct and solve magnetic Hamiltonian:

from DFT
>30 neighbors

RPA

MC QMC



MPIE Düsseldorf, Dept. Computational Materials Design IPAM MDWS1,  Los Angeles (Oct. 1-5,  2012)

Magnetization, heat capacity, free energies

F. Körmann, A. Dick, T. Hickel, and J. Neugebauer, Phys. Rev. B 83, 165114 (2011)
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Heat capacity of alloys

DFT vibrational
DFT ph.+electronic
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G. Naeser, Mitt. Kais.-Wilh.-Inst. Eisenforschg. 16 (1934) 207210.

Example: Cementite (Fe3C)
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Conclusions

Description of T-dependent materials properties by DFT
 Toolset to compute all free energy contributions with a 

numerical accuracy of ~1 meV

Partitioning into various excitation mechanism provides 
new insight (e.g. dominating entropy contributions 
close to melting)

 Accuracy in finite temperature effects often close to 
or even beyond experiment

Powerful basis to design multiscale approaches for real-world materials
 Steel design, understanding/overcoming failure mechanisms (e.g H embrittlement)

 predicting experimentally not accessible phase transitions 

 Other materials systems: Lightweight alloys, semiconductor surfaces, 
phase change and shape memory alloys, biological nanocomposites etc. 


