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ave to go beyond experiment?ze:

Calorimetric measurements
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Fundamental input for all thermodynamic databases
— But: Scatter of ~0.3 ... 1 kg

Point defects (vacancies): Formation energies and entropies
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Do we have to go beyond experiment?%

Stacking fault energies (fcc Fe-Mn)
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Key quantity to design
novel high-strength
steels

Additional complication
— magnetism

Even chemical trends are hard to derive from existing data
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Accuracy

Free energy difference between bcc and fcc iron
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Energy resolution better 1 meV!

— Can we achieve such accuracy with present
day ab initio techniques?
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onsiderations

~0.1 meV/atom ~0.1 meV/atom
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challenging

<1 meV/atom

107 configurations (~ 10 temperature steps)
/ / a few hours/days
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Are contributions beyond quasiharmonic
approximation relevant?
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Example: Bulk (fcc) Aluminum
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How to sample over 107 configurations with
ab initio accuracy?

Can we use empirical potentials to describe
anharmonic contributions
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- None of the available empirical potentials is able to describe
the anharmonic contributior
[1] Y. Mishin, et al., Phys. Rev. B 59, 3393 (1999).
[2] F. Ercolessi and J. B. Adams, Europhys. Lett. 26, 583 (1994).
[3] J. Mei and J. Davenport, Phys. Rev. B 46, 21 (1992).
[4] D. A. Ditmars, et al., Int. J. of Thermophys. 6, 499 (1985).
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Ining configuration space

Main challenge:

Reduce number of (ab inition) configurations by several orders
of magnitude

// from MD or MC

)= 2= (R )

]

Two major concepts

— .

Thermodynamic integration Free energy perturbation
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namic Integration

Key idea: Compute free energy change between reference system A
and real system B

AF(A— B):j<%§%)>idi with [U(1)=U,+AU;-U,)

0

MD simulation in Tl-step
12 b Application straightforward if
good reference is available

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

— several 10% configurations
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y perturbation

Key idea: Compute free energy change between reference system A
and real system B

EB_EA

AF(A— B)=—k,T In{ exp| -

B A

Performance increases with
WP quality of reference

For large differences to reference
B the method becomes inefficient/
fails

For the targeted accuracy less
— efficient than thermodynamic
{Rl } integration
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Cycles in thermodynamic integration AF(A—) B):j‘ ouU (/1)
0

A integration (2-10 steps)
— Improved ref. reduces step number

Thermodynamic average
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Solution

A integration (2-10 steps)

— Improved reference reduces step number

— Here: Quasiharmonic reference

Thermodynamic average (103...104 MD steps)

— Use free energy perturbation approach
— Use low/medium converged DFT as reference

— Typically reduces number
of configurations by 102
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Required CPU time
(logarithmic)

» Wavefunction extrapolation

* Thermodyn. integr. (Tl) with Langevin dynami S
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Benchmark against experiment
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Thermal expansion coefficient
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- Excellent agreement with experiment
- Systematlc trend: LDA and GGA prowde apprOX|mate measure of error bars

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

Heat capacity of Al
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- DFT gives lower bound to all recent experiments
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Applications
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Assessment of experimental data
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Calcium: Heat capacity
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Calcium: Heat capacity
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armodynamics (Conclusions)

Newly developed approaches allow to systematically improve
performance of DFT to describe finite temperature properties

Accuracy often exceeds experimental data even of stable phases

— Provide excellent basis to compute thermodynamic data
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Thanks for your attention
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