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Intraduction (l)

Cu is the first candidate for particle accelerator in the field of high-energy physics.

H is typically used in the beam —> Loses in the beam affect the surfaces —> Blisters

Blistering is common effect in the surface of metal exposed to light species (observed in Al, Nb, Fe* and steel;
not in Ti).

In nuclear fusion (W), this phenomenon is observed under exposure of H and He, being one of the bottlenecks
of the future nuclear power plants.
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*Eetu Makkonen, Alvaro Lopez-Cazalilla, Flyura Djurabekova, arXiv:2511.21464 (2025)
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* Molecular Dynamics (MD) description through machine-learning interatomic potentials (MLIP) can shed light

on this effect.

MLIP

GAP

We use VASP DFT code for creating t
training dataset and train a MLIP using
Gaussian approximation potential in its

tabulated form (tabGAP).

tabGAP potential is joined with a
repulsive part at short distances.
The previously available potentials are

either highly repulsive or highly
attractive™.

Atomic

Cu-H

description of ——— ‘

.X° .‘. ?\.‘Iini
et

56.4%

mized adjusted structures L\
///,
taset

H-Cu

Training dataset H-Cu

9H-Cu

8H-Cu

dimer curve

*Zhou, X., Ward, D. K., & Foster, M. E. (2018). A bond-order potential for the AI-Cu—H ternary system. New Journal of Chemistry, 42(7)
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fluence keV hydrogen ion irradiation. Acta Materialia, 266, 119699
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— The barriers for H and vacancy diffusion are reproduced more accurately than previous potentials.

BOP:Zhou, X., Ward, D. K., & Foster, M. E. (2018). A bond-order potential for the Al-Cu—H ternary system. New Journal of Chemistry, 42(7)
Korzhavyi, P. A. and Sandstrém, R. (2014). Monovacancy in copper: Trapping efficiency for hydrogen and oxygen impurities. Computational Materials Science, 84, 122-128

*Ganchenkova, M. G., Yagodzinskyy, Y., BopoauH, B. A., & Hanninen, H. (2014). Effects of hydrogen and impurities on void nucleation in copper: simulation point of view. The Philosophical Magazine a
Journal of Theoretical Experimental and Applied Physics, 94(31), 3522-3548



— The interaction of Frank loops with certain H concentrations results into
the formation of SFT due to stress effect i.e. Silcox-Hirsch
transformation (typically from vacancy clusters)

(f) 200 ps
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The potential is able to reproduce the growth of small vancancy clusters by

x X x

T - emission of dislocation loops™ (due the high H accumulation in defects).
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Introduction (I) |

* The previous type of potential is just one example. There are many MLIPs for a large set of
materials, of different cost-accuracy relations (many not suitable for large-scale MD

simulations).
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* To allow the application of it in large MD simulation cells, we train tabGAP* to create fast
potentials for application at large scales, using a SIESTA-based training set

*J. Byggmastar, K. Nordlund, and F. Djurabekova, Simple machine-learned interatomic potentials for complex alloys, Phys. Rev. Materials 6, 083801 (2022)
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Eff|C|ency MLIP: SIESTA parameters

* The disadvantage turns into advantage: SIESTA allows a deeper control of the parameters
to tune the efficiency vs accuracy:

* Pseudopotential (Standard vs Stringent)
* Use of ghost atoms (effect of basis)
* Size of training data set (oriented to what : ‘
we want to reproduce e.g. defects)
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Efficiency MLIP-DFT:.Size of basis sét in SIESTA
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— Single point calculations on vacancy formation energy show that we can obtain values in
the experimental ballpark, and a difference of 0.1 eV with PW, but in a more efficient way.



Efficiency MLIF size & Ghost

atom

E.ac (eV) Time (s)
Stringent Pseudopotential + Ghost 1.122 25800
atom
Standard Pseudopotential + Ghost 1.119 15900
atom
Standard Pseudopotential no 1.348 15700
Ghost atom

* The use of the hard pseudopotential is not justified to describe the vacancy-related
energies.

* The use of the ghost atom implies a minimal increase of cost, but it provides a large
change in the energy.



Efficiency MLIP: tabGAP?
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The shorter training set
(TS) with the cheaper
basis set, but including
the ghost, provides the
most accurate result for
copper.

TS 2:
isolated _atom (1)
FCC (10)

Cu_1V (10)

Cu_2V (20)

Cu_3V (20) Ref. 166 119 | 76 1.08 0.79 3.22 | 3.72 | 3.632 | 35-41
Cu_2I(10) A,

**Fellman, A.J., Byggmastar, J., Granberg, F., Nordlund, K., & Djurabekova, F. (2024).
Fast and accurate machine-learned interatomic potentials for large-scale simulations
of Cu, Al, and Ni. Physical Review Materials.

*J. Byggmastar, K. Nordlund, and F. Djurabekova, Simple machine-learned
interatomic potentials for complex alloys, Phys. Rev. Materials 6, 083801 (2022)



 We have trained a MLIP that reproduces accurately, matching well DFT, the interaction of H
and Cu, two materials of a wide range of applications

* We explored effects that are observed experimentally, allowing for an atomic-scale inception.

* We have developed a framework to train efficient, fast and affordable MLIP for metals using
SIESTA, controlling different parameters such as the basis, inclusion of ghost atoms.

* Ghost atoms are needed for training and describe accurately defects, but also optimize
computational resources.
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