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Tilt boundary
(Einstein)
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temperature dependency of BE
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Anharmonicity in grain boundary energy for Al: Thermodynamic
integration with artificial-neural-network potential

M. Matsuura®, T. Yokoi® ', Y. Ogura?, K. Matsunaga *"
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VASP model
Frenkel method
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Mono vacancy
(Anhramonicity?)



PHYSICAL REVIEW X 4, 011018 (2014)

Breakdown of the Arrhenius Law in Describing Vacancy Formation Energies:
The Importance of Local Anharmonicity Revealed by Ab initio Thermodynamics

A. Glensk, B. Grabowski, T. Hickel, and J. Neugebauer

UP-TILD(upsampled thermodynamic integration using Langevin dynamics)
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Perfect lattice
(Moment +
Frenkel-Ladd(MC))



OSMM ( Statistical Moment Method )
WC

Energy dependency of the one dim deviation oE aZE
E = Ey+—dx; + —dx’+
ox; 0x?
--eo— data 3 4
=349 2nd order fit 0°F 0°E 4
—— 4th order fit —dx + dxi
- ox? ox:t
= -350
2
d Oth ~352.5518 -352.5603
3—351
2 1st —0.8025  -0.0067
-352
2nd 20.7770 21.2321
-0.4 -0.2 0 0.2 0.4 3rd 0.0 -5.8513
deviation [AA] Ath 0.0 —2.5690

N. Tan, V. V. Hung, “Investigation of the Thermodynamic
Properties of Anharmonic Crystals by the Momentum Method”
Phys. Stat. Sol. (B), vol. 149, pp.511-519, 1988.
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TABLE 1. Higher order coefficients of the energy potential.

indexes analytical numerical numerical harmonic VASP(2x2x2) VASP(2x2x2) VASP(3x3x3)
p4 dev.=0.04 p4 dev.=0.10 dev.=0.04 dev.=0.10 dev.=0.10

0 [0 0 0] -2.47840 -2.47840 -2.47840 -3.72303 -3.69879 -3.723027
1[200] 6.60522 6.60496 6.60288  6.66320 3.30538 3.37042 4.26487
2 [0 2 0] 6.60522 6.60496 6.60288 6.66320 3.33010 3.35011 4.27330
300 2] 6.60522 6.60496 6.60288 6.66320 3.39418 3.35422 4.28811
4101 1] 1.720e-12 2.842e-13 0.02135 0.01158 -0.00212
5[110] 1.600e-11 -1.125e-12 -0.02505 -0.01058 0.00217
6 [10 1] 1.720e-12 8.527e-13 0.03010 0.01165 -0.00154
7 [300] -2.852e-09 -1.218e-10 -0.05000 0.00020 0.00054
8 [0 3 0] -1.158e-09 -5.801e-11 -0.25417 -0.00222 0.00374
9100 3] -2.147e-09 2.404e-11 0.25833 -0.00588 0.02284
10 [1 1 1] -2.224e-26 -8.807e-12 -0.04375 0.00024 0.00056
11 [2 2 0] 29.14519 29.23755 29.34441 53.12500 9.96245 10.62694
12 [2 0 2] 29.14519 29.23755 29.34441 46.30102 9.91347 10.73143
13 [0 2 2] 29.14519 29.23755 29.34441 40.24235 10.46694 10.46041
14 [4 0 0] 6.35142 6.51689 6.84933 -3.54167 0.30400 -0.56800
5[0 4 0] 6.35142 6.51690 6.84933 -14.47916 2.01067 -1.22133
16 [0 0 4] 6.35142 6.51689 6.84933 -47.29167 1.58400 -2.62133
standard dev. 0.000000 0.000014 0.000025 0.000047 0.000031




Free energy- volume curves
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higher_moment/new_moment_al/einstein/analysis/harm.rb



LJ-Frenkel
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Frenkel integrated anharmonic free energy Free energy- volume curves
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Surface
(MC simulations)



Einstein model of Al
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Effects of finite temperature on the surface energy in Al alloys from first-
principles calculations

Zhipeng Wang™', Dongchu Chen”', Qihong Fang™", Hong Chen"”", Touwen Fan"*, Bin Liu",
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Applied Surface Science 479 (2019) 499—52?
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A fast atomistic approach to finite-temperature surfack@gsticity of
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Computational Materials Science 211 (2022) 111511



Layer dependency of spring constants
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Slab model
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1.

Vacancy, Surface
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