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Figure 9. Low energy Fe-Cr interstitial clusters with varying Cr concentrations. White atoms are

Fe atoms on lattice sites, blue atoms are interstitial Fe atoms, and red atoms are Cr atoms.
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Figure 10. Defect formation energies and Cr content for Fe-Cr interstitials. The symbol type
gives the number of interstitial Cr and the color gives the number of Cr atoms on lattice sites. For
example, the filled blue circle for four defects represents the energy of a four interstitial cluster

with one lattice Cr and zero interstitial Cr.

The performance of the algorithm in the optimization of the Fe-Cr embedded defects is shown in
Figure 11. It can be seen that there is an increase in the number of required calculations as the
number of Cr atoms in the defect increases. The cause of this increase can be linked to the fact
that the movement of Cr atoms between lattice sites is best controlled through permutation
mutations. Therefore, the Fe-Cr simulations are more heavily reliant on mutations than the Fe or
SiC simulations. It is possible that the performance of the algorithm can be improved by either
increasing the probability of a permutation mutation to occur or by further reducing the number

of atoms in set 2 and the number of sites accessible to the Cr atoms.
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Figure 11. Algorithm performance for Fe-Cr interstitials is shown by the average number of
energy minimizations required to identify the minimum energy structure. The error bars
represent one standard deviation in the number of calculations for optimizations found by 3-5
optimizations with differing random number seeds and in some cases the error bars cannot be
seen as they are smaller than the symbol. The number of calculations can be divided by the

population size of 50 to calculate the number of generations required.

4. Discussion

The modified genetic algorithm proposed in this work for the optimization of defects in
crystalline materials is shown to be effective in identifying low energy stable interstitial
configurations by comparison to results of previous searches with different methods. The
algorithm can be applied to a variety of systems and defects of various sizes. The number of
calculations required to find the stable ground states does not appear to increase significantly as
the number of defects increases, at least within the range of defect cluster sizes studied here (up
to 5-10 interstitials). The search space of the algorithm is tunable and capable of identifying
both compositionally and structurally variant defects through the control of fitness-based biases
as well as the atoms used in the mutations and crossovers. Reducing the search space in this way
allowed the algorithm to identify the stable arrangements of small numbers of carbon interstitials

in SiC, either as effectively or better than previous optimizations. The algorithm also found very
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stable clusters for Fe and Fe-Cr exploring both BCC-like and Laves phase structures in different
areas of the search space. We therefore find that with some modifications to the algorithm, such
as seeding the population and tuning parameters to be more system specific, the approach can be
applied to systems with large lattice atom distortions, small lattice atom distortions, and varying

composition.

While the structures shown in this current study are limited by the reliability of the potentials
used for each system, the performance of the algorithm demonstrates that the minimum energy
structures can typically be identified within approximately 10,000 local energy relaxation
calculations (either conjugate gradient or quenched molecular dynamics) for structures with
relatively larger lattice atom distortions among the sets considered here. This performance
improves for structures with relatively smaller lattice atom distortions among the sets considered
here, which require approximately 5,000 calculations. This scale of calculations is quite trivial
for interatomic potentials and, while very large, is presently (or will soon be) achievable for
more accurate Hamiltonians such as Density Functional Theory (DFT), provided the unit cell
sizes can be kept tractable. DFT-based genetic algorithms have already been used in the
optimization of other types of atomic structures [93]. Furthermore, a reduction in the number of
required calculations may be achieved by seeding the population with previously identified
minima defect structures (e.g., the starting structures for a (n)- interstitial calculation could be
initiated from optimized (n-1)- interstitial structures with one extra interstitial added), as opposed
to the random initial population presented in this study. Additional improvements in the
efficiency of the genetic algorithm may be possible by replacing the simple energy-based
predator used in this implementation with predators based on structural features, such as crystal
fingerprints similar to those used in crystal structure genetic algorithm optimizations [45,46], in
order to prevent the re-evaluation of structurally similar defects. Overall, the genetic algorithm
optimization technique presented in this study appears to be a powerful method for identifying

defect clusters using a range of Hamiltonians.
Acknowledgments

A. Kaczmarowski would like to acknowledge the Sandia National Laboratories Critical Skills

Masters Program for their support of her research. A.Kaczmarowski was responsible for aspects

27



of the idea generation, the code development, and led the manuscript writing. D. Morgan would
like to acknowledge support provided by NSF Software Infrastructure for Sustained Innovation
(SI?), award no. 1148011. D. Morgan was responsible for initiating and leading the project,
reviewing code development, and reviewing the manuscript. MAST was developed at the
University of Wisconsin-Madison under NSF award no. 1148011. I. Szlufarska would like to
acknowledge support by the U.S. Department of Energy, Office of Basic Energy Sciences Grant
No. DE-FG02-08ER46493. I. Szlufarska was responsible for discussing aspects of clusters in
SiC and reviewing the manuscript. S. Yang would like to acknowledge support by University of
Wisconsin Materials Research Science and Engineering Center (DMR-1121288). S. Yang aided
the early development of the genetic algorithm approach through discussions and assistance
identifying relevant literature. The authors gratefully acknowledge use of facilities and
instrumentation supported by the University of Wisconsin Materials Research Science and
Engineering Center (DMR-1121288). We thank Tam Mayeshiba, Dr. Chao Jiang and Dr. Mihai-

Cosmin Marinica for helpful conversations and sharing their data files.

References

[1]  R.Averback and T. D. de La Rubia, “Displacement damage in irradiated metals and
semiconductors,” Solid State Phys., vol. 5, pp. 281-402, 1997.

[2] T.Muroga, M. Gasparotto, and S. Zinkle, “Overview of materials research for fusion
reactors,” Fusion Eng. Des., vol. 62, no. 2002, pp. 13-25, 2002.

[3] G. Odette and G. Lucas, “Embrittlement of nuclear reactor pressure vessels,” JOM, no.
July, pp. 18-22, 2001.

[4] A.Bongiorno and L. Colombo, “Evolution of energetics and bonding of compact self-
interstitial clusters in Si,” EPL (Europhysics ..., vol. 50, no. 5, pp. 608-614, 2000.

[5]  S.Dutta, S. Chattopadhyay, a. Sarkar, M. Chakrabarti, D. Sanyal, and D. Jana, “Role of
defects in tailoring structural, electrical and optical properties of ZnO,” Prog. Mater. Sci.,
vol. 54, no. 1, pp. 89-136, Jan. 2009.

[6] P.Gumbsch and R. Schroll, “Atomistic aspects of the deformation of NiAl,”
Intermetallics, vol. 7, no. July 1998, pp. 447-454,1999.

[7]  J.Li, A. H. W. Ngan, and P. Gumbsch, “Atomistic modeling of mechanical behavior,”
Acta Mater., vol. 51, n0. 19, pp. 5711-5742, Nov. 2003.

[8] D.J. Wales, Energy Landscapes: Applications to Clusters, Biomolecules and Glasses.
New York: Cambridge University Press, 2003, pp. 192-352.

[9] D.J.Wales and T. V Bogdan, “Potential energy and free energy landscapes.,” J. Phys.
Chem. B, vol. 110, no. 42, pp. 20765-76, Oct. 2006.

[10] C.J.Pickard and R. J. Needs, “Ab initio random structure searching.,” J. Phys. Condens.
Matter, vol. 23,no. 5, p. 053201, Feb. 2011.

78



[11]
[12]
[13]
[14]
[15]
[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

C.J.Pickard and R. J. Needs, “Structures at high pressure from random searching,” Phys.
Status Solidi, vol. 246, no. 3, pp. 536-540, Mar. 2009.

H. a Scheraga, “Recent developments in the theory of protein folding: searching for the
global energy minimum.,” Biophys. Chem., vol. 59, no. 3, pp. 329-39, Apr. 1996.

F. Solis and R. Wets, “Minimization by random search techniques,” Math. Oper. Res., vol.
6,no. 1, pp. 19-30, 1981.

D. Delamarre and B. Virot, “Simulated annealing algorithm: technical improvements,”
RAIRO. Rech. opérationnelle, 1998.

K. Doll,J. C. Schon, and M. Jansen, “Global exploration of the energy landscape of solids
on the ab initio level.,” Phys. Chem. Chem. Phys., vol. 9, no. 46, pp. 6128-33, Dec. 2007.
K. Doll,J. Schon, and M. Jansen, “Structure prediction based on ab initio simulated
annealing for boron nitride,” Phys. Rev. B, vol. 78, no. 14, p. 144110, Oct. 2008.

J. Pannetier and J. Bassas-Alsina, “Prediction of crystal structures from crystal chemistry
rules by simulated annealing,” Nature, vol. 346, no. 26, pp. 343-345, 1990.

H. Putz, J. C. Schon, and M. Jansen, “Combined method for ab initio structure solution
from powder diffraction data,” J. Appl. Crystallogr., vol. 32, no. 5, pp. 864-870, Oct.
1999.

P. Salamon, P. Sibani, and R. Frost, Facts, Conjectures, and Improvements for Simulated
Annealing. Philadelphia: Society for Industrial and Applied Mathematics, 2002, pp. 53—
103.

J. Schon and M. Jansen, “Determination of candidate structures for Lennard - Jones -
crystals through cell optimisation,” Berichte der Bunsengesellschaft fiir ..., pp. 1541—
1544, 1994.

M. Wevers, J. Schon, and M. Jansen, “Determination of Structure Candidates of Simple
Crystalline AB 2 Systems,” J. Solid State Chem., vol. 246, no. 136, pp. 233-246, 1998.
K. Bao, S. Goedecker, K. Koga, F. Lancon, and A. Neelov, “Structure of large gold
clusters obtained by global optimization using the minima hopping method,” Phys. Rev. B,
vol. 79, no. 4, p. 041405, Jan. 2009.

S. Goedecker, “Minima hopping: an efficient search method for the global minimum of
the potential energy surface of complex molecular systems.,” J. Chem. Phys., vol. 120, no.
21, pp. 9911-7, Jun. 2004.

S.Roy, S. Goedecker, and V. Hellmann, “Bell-Evans-Polanyi principle for molecular
dynamics trajectories and its implications for global optimization,” Phys. Rev. E, vol. 77,
no. 5, p. 056707, May 2008.

S. E. Schonborn, S. Goedecker, S. Roy, and A. R. Oganov, “The performance of minima
hopping and evolutionary algorithms for cluster structure prediction.,” J. Chem. Phys.,
vol. 130, no. 14, p. 144108, Apr. 2009.

B. Doliwa and a. Heuer, “Hopping in a supercooled Lennard-Jones liquid: Metabasins,
waiting time distribution, and diffusion,” Phys. Rev. E, vol. 67, no. 3, p. 030501, Mar.
2003.

R. Gehrke and K. Reuter, “Assessing the efficiency of first-principles basin-hopping
sampling,” Phys. Rev. B, vol. 79, no. 8, p. 085412, Feb. 2009.

H. G.Kim, S. K. Choi, and H. M. Lee, “New algorithm in the basin hopping Monte Carlo
to find the global minimum structure of unary and binary metallic nanoclusters.,” J. Chem.
Phys.,vol. 128, no. 14, p. 144702, Apr. 2008.

79



[29]
[30]

[31]

[32]

[33]

[34]
[35]
[36]
[37]

[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]

B. Olson and A. Shehu, “Efficient basin hopping in the protein energy surface,” 2012
IEEE Int. Conf. Bioinforma. Biomed., pp. 1-6, Oct. 2012.

a Verma, a Schug, K. H. Lee, and W. Wenzel, “Basin hopping simulations for all-atom
protein folding.,” J. Chem. Phys., vol. 124, no. 4, p. 044515, Jan. 2006.

D. Wales and J. Doye, “Global optimization by basin-hopping and the lowest energy
structures of Lennard-Jones clusters containing up to 110 atoms,” J. Phys. Chem. A, vol.
5639, n0.97, pp. 5111-5116, 1997.

D.J. Wales, “Global Optimization of Clusters, Crystals, and Biomolecules,” Science (80-.
)., vol. 285, no. 5432, pp. 1368—1372, Aug. 1999.

R. White and H. Mayne, “An investigation of two approaches to basin hopping
minimization for atomic and molecular clusters,” Chem. Phys. Lett., vol. 289, no. June,
pp- 463-468, 1998.

D. Deaven and K. Ho, “Molecular Geometry Optimization with a Genetic Algorithm,”
Phys. Rev. Lett., vol. 75, no. 2, pp. 288-291, 1995.

C. Jiang, D. Morgan, and I. Szlufarska, “Carbon tri-interstitial defect: A model for the
D_{II} center,” Phys. Rev. B, vol. 86, no. 14, p. 144118, Oct. 2012.

C. Jiang, D. Morgan, and I. Szlufarska, “Structures and stabilities of small carbon
interstitial clusters in cubic silicon carbide,” Acta Mater., vol. 62, pp. 162—172, Jan. 2014.
R. L. Johnston, “Evolving better nanoparticles: Genetic algorithms for optimising cluster
geometries,” Dalt. Trans.,no. 22, p. 4193,2003.

M. S. Bailey, N. T. Wilson, C. Roberts, and R. L. Johnston, “Structures, stabilities and
ordering in Ni-Al nanoalloy clusters,” Eur. Phys.J. D - At. Mol. Opt. Phys., vol. 25, no. 1,
pp- 41-55, Jul. 2003.

B. Hartke, “Application of Evolutionary Algorithms to Global Cluster Geometry
Optimization,” Appl. Evol. Comput. Chem., vol. 110, pp. 33-53, 2004.

J. M. Dieterich and B. Hartke, “OGOLEM: Global cluster structure optimisation for
arbitrary mixtures of flexible molecules. A multiscaling, object-oriented approach,” Mol.
Phys., vol. 108, no. 3—4, pp. 279-291, Feb. 2010.

N. Dugan and $. Erkog, “Genetic algorithm—Monte Carlo hybrid geometry optimization
method for atomic clusters,” Comput. Mater. Sci., vol. 45, no. 1, pp. 127-132, Mar. 2009.
M. Sierka, “Synergy between theory and experiment in structure resolution of low-
dimensional oxides,” Prog. Surf. Sci., vol. 85, no. 9—12, pp. 398—434, Sep. 2010.

B. C.Revard, W.W. Tipton, and R. G. Hennig, "Structure and Stability Prediction of
Compounds with Evolutionary Algorithms," Prediction and Calculation of Crystal
Structures Topics in Current Chemistry, vol. 345, pp. 181-222,2014.

C. W.Glass, A.R. Oganov, and N. Hansen, “USPEX —Evolutionary crystal structure
prediction,” Comput. Phys. Commun., vol. 175, no. 11-12, pp. 713-720, Dec. 2006.

G. Johannesson, T. Bligaard, and A. Ruban, “Combined electronic structure and
evolutionary search approach to materials design,” Phys. Rev. Lett., vol. 88, no. 25, pp. 1-
5,2002.

a.R. Oganov, Y. Ma, a. O. Lyakhov, M. Valle, and C. Gatti, “Evolutionary Crystal
Structure Prediction as a Method for the Discovery of Minerals and Materials,” Rev.
Mineral. Geochemistry, vol. 71, no. 1, pp. 271-298, Apr. 2010.

A.R.Oganov and C. W. Glass, “Crystal structure prediction using ab initio evolutionary
techniques: principles and applications.,” J. Chem. Phys., vol. 124, no. 24, p. 244704, Jun.
2006.

20



[48]

[49]

[50]
[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]
[59]

[60]

[61]

[62]

[63]

[64]

G. Trimarchi and A. Zunger, “Global space-group optimization problem: Finding the
stablest crystal structure without constraints,” Phys. Rev. B, vol. 75, no. 10, pp. 1-8, Mar.
2007.

G. Trimarchi, A. Freeman, and A. Zunger, “Predicting stable stoichiometries of
compounds via evolutionary global space-group optimization,” Phys. Rev. B, vol. 80, no.
9,p.092101, Sep. 2009.

S. Woodley, “Prediction of crystal structures using evolutionary algorithms and related
techniques,” Appl. Evol. Comput. Chem., vol. 110, pp. 95-132,2004.

S. M. Woodley and R. Catlow, “Crystal structure prediction from first principles.,” Nat.
Mater.,vol.7,no. 12, pp. 937-46, Dec. 2008.

A.L.-S. Chua, N. a Benedek, L. Chen, M. W. Finnis, and A. P. Sutton, “A genetic
algorithm for predicting the structures of interfaces in multicomponent systems.,” Nat.
Mater.,vol.9,no. 5, pp. 418-22, May 2010.

J. Zhang, C.-Z. Wang, and K.-M. Ho, “Finding the low-energy structures of Si[001]
symmetric tilted grain boundaries with a genetic algorithm,” Phys. Rev. B, vol. 80, no. 17,
p. 174102, Nov. 2009.

R. Briggs and C. Ciobanu, “Evolutionary approach for finding the atomic structure of
steps on stable crystal surfaces,” Phys. Rev. B, vol. 75, no. 19, p. 195415, May 2007.

F. C. Chuang, C. V. Ciobanu, V. B. Shenoy, C. Z. Wang, and K. M. Ho, “Finding the
reconstructions of semiconductor surfaces via a genetic algorithm,” Surf. Sci., vol. 573,
no. 2, pp. L375-L381, Dec. 2004.

F.-C. Chuang, C. V. Ciobanu, C.-Z. Wang, and K.-M. Ho, “Model reconstructions for the
Si(337) orientation,” J. Appl. Phys., vol. 98,no. 7, p. 073507, 2005.

D. C. Sayle and R. L. Johnston, “Evolutionary techniques in atomistic simulation: thin
films and nanoparticles,” Curr. Opin. Solid State Mater. Sci., vol. 7,no. 1, pp. 3—12, Feb.
2003.

S. Plimpton, “Fast parallel algorithms for short-range molecular dynamics,” J. Comput.
Phys.,vol. 117, n0. June 1994, pp. 1-42, 1995.

M. Hutter, “Fitness uniform selection to preserve genetic diversity,” ... Comput. 2002.
CEC’02. Proc. ...,no. January, 2002.

T. Angsten, T. Mayeshiba, H. Wu, and D. Morgan, “Elemental vacancy diffusion database
from high-throughput first-principles calculations for fcc and hcp structures,” New J.
Phys.,vol. 16,no. 1, p. 015018, Jan. 2014.

S. Bahn and K. Jacobsen, “An object-oriented scripting interface to a legacy electronic
structure code,” Comput. Sci. Eng., pp. 56—66, 2002.

D. Petti, J. Buongiorno, and J. Maki, “Key differences in the fabrication, irradiation and
high temperature accident testing of US and German TRISO-coated particle fuel, and their
implications on fuel performance,” Nucl. Eng. Des., vol. 222, no. June, pp. 281-297,
2003.

G. Lucas, M. Bertolus, and L. Pizzagalli, “An environment-dependent interatomic
potential for silicon carbide: calculation of bulk properties, high-pressure phases, point
and extended defects, and amorphous structures.,” J. Phys. Condens. Matter, vol. 22, no.
3,p- 035802, Jan. 2010.

Y. Watanabe, K. Morishita, and A. Kohyama, “Composition dependence of formation
energy of self-interstitial atom clusters in 3 -SiC: Molecular dynamics and molecular

statics calculations,” J. Nucl. Mater.,vol. 417,no0. 1-3, pp. 1119-1122, Oct. 2011.

21



[65]

[66]

[67]

[68]
[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

M. Bockstedte, A. Mattausch, and O. Pankratov, “Ab initio study of the annealing of
vacancies and interstitials in cubic SiC: Vacancy-interstitial recombination and
aggregation of carbon interstitials,” Phys. Rev. B, vol. 69, no. 23, pp. 1-13, Jun. 2004.

F. Gao, E. Bylaska, W. Weber, and L. Corrales, “Ab initio and empirical-potential studies
of defect properties in 3C-SiC,” Phys. Rev. B, vol. 64, no. 24, p. 245208, Dec. 2001.

H. Huangts, N. M. Ghoniemt, and J. K. Wongt, “Molecular dynamics determination of
defect energetics in Beta -Sic using three representative empirical potentials,” Model.
Simul. Mater. Sci. Eng, vol. 3, pp. 615-627, 1995.

J. M. Lento, L. Torpo, T. E. M. Staab, and R. M. Nieminen, “Self-interstitials in 3C-SiC,”
J. Phys. Condens. Matter, vol. 16, no. 7, pp. 1053-1060, Feb. 2004.

A. Mattausch, M. Bockstedte, and O. Pankratov, “Structure and vibrational spectra of
carbon clusters in SiC,” Phys. Rev. B, vol. 70, no. 23, p. 235211, Dec. 2004.

Y. Watanabe, K. Morishita, and Y. Yamamoto, “Nucleation and growth of self-
interstitial atom clusters in 3 -SiC during irradiation: Kinetic Monte-Carlo modeling,”
Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms, vol. 269,
no. 14, pp. 1698-1701, Jul. 2011.

M .-J. Zheng, N. Swaminathan, D. Morgan, and I. Szlufarska, “Energy barriers for point-
defect reactions in 3C-SiC,” Phys. Rev. B, vol. 88, no. 5, p. 054105, Aug. 2013.

F. Gao, D. Bacon, and Y. Osetsky, “Properties and evolution of sessile interstitial
clusters produced by displacement cascades in « -iron,” J. Nucl. ..., vol. 276, pp. 213—
220, 2000.

R. A. Johnson, “Interstitals and Vacancies in a Iron,” Phys. Rev. A, vol. 134, no. 5, pp.
1329-1336, 1964.

L. Malerba, G.J. Ackland, C. S. Becquart, G. Bonny, C. Domain, S. L. Dudarev, C.-C.
Fu, D. Hepburn, M. C. Marinica, P. Olsson, R. C. Pasianot, J. M. Raulot, F. Soisson, D.
Terentyev, E. Vincent, and F. Willaime, “Ab initio calculations and interatomic potentials
for iron and iron alloys: Achievements within the Perfect Project,” J. Nucl. Mater ., vol.
406, no. 1, pp. 7-18, Nov. 2010.

L. Malerba, M. C. Marinica, N. Anento, C. Bjorkas, H. Nguyen, C. Domain, F.
Djurabekova, P. Olsson, K. Nordlund, a. Serra, D. Terentyev, F. Willaime, and C. S.
Becquart, “Comparison of empirical interatomic potentials for iron applied to radiation
damage studies,” J. Nucl. Mater ., vol. 406, no. 1, pp. 19-38, Nov. 2010.

M.-C. Marinica, F. Willaime, and J.-P. Crocombette, “Irradiation-Induced Formation of
Nanocrystallites with C15 Laves Phase Structure in bcce Iron,” Phys. Rev. Lett., vol. 108,
no. 2, p. 025501, Jan. 2012.

M.-C. Marinica, F. Willaime, and N. Mousseau, “Energy landscape of small clusters of
self-interstitial dumbbells in iron,” Phys. Rev. B, vol. 83,1n0. 9, p. 094119, Mar. 2011.

Y. .Osetsky, D. . Bacon, a Serra, B. . Singh, and S. . Golubov, “Stability and mobility of
defect clusters and dislocation loops in metals,” J. Nucl. Mater., vol. 276, no. 1-3, pp. 65—
77, Jan. 2000.

R. Stoller, G. Odette, and B. Wirth, “Primary damage formation in bcc iron,” J. Nucl.
Mater., vol. 251, pp. 49-60, 1997.

D. Terentyev, T. Klaver, P. Olsson, M.-C. Marinica, F. Willaime, C. Domain, and L.
Malerba, “Self-Trapped Interstitial-Type Defects in Iron,” Phys. Rev. Lett., vol. 100, no.
14, p. 145503, Apr. 2008.

R?2



[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

D. Terentyev, L. Malerba, and M. Hou, “Dimensionality of interstitial cluster motion in
bce-Fe,” Phys. Rev. B, vol. 75,no. 10, p. 104108, Mar. 2007.

F. Willaime, C. C. Fu, M. C. Marinica, and J. Dalla Torre, “Stability and mobility of
self-interstitials and small interstitial clusters in « -iron: ab initio and empirical potential
calculations,” Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater .
Atoms, vol. 228, no. 1-4, pp. 92-99, Jan. 2005.

B.D. Wirth, G. R. Odette, D. Maroudas, and G. E. Lucas, “Energetics of formation and
migration of self-interstitials and self-interstitial clusters in « -iron,” J. Nucl. Mater., vol.
244, no. 3, pp. 185-194, Apr. 1997.

G.J. Ackland, M. 1. Mendelev, D. J. Srolovitz, S. Han, and a V Barashev, “Development
of an interatomic potential for phosphorus impurities in -iron,” J. Phys. Condens. Matter,
vol. 16, no. 27, pp. S2629-S2642, Jul. 2004.

E. del Rio, J. M. Sampedro, H. Dogo, M. J. Caturla, M. Caro, A. Caro, and J. M. Perlado,
“Formation energy of vacancies in FeCr alloys: Dependence on Cr concentration,” J.
Nucl. Mater.,vol. 408, no. 1, pp. 18-24, Jan. 2011.

A. Stukowski, B. Sadigh, P. Erhart, and A. Caro, “Efficient implementation of the
concentration-dependent embedded atom method for molecular-dynamics and Monte-
Carlo simulations,” Model. Simul. Mater. Sci. Eng., vol. 17,n0. 7, p. 075005, Oct. 2009.
T. Klaver, P. Olsson, and M. Finnis, “Interstitials in FeCr alloys studied by density
functional theory,” Phys. Rev. B, vol. 76, no. 21, p. 214110, Dec. 2007.

T.P. C.Klaver, G. Bonny, P. Olsson, and D. Terentyev, “Benchmarking FeCr empirical
potentials against density functional theory data,” Model. Simul. Mater. Sci. Eng., vol. 18,
no. 7, p. 075004, Oct. 2010.

P. Olsson, C. Domain, and J. Wallenius, “Ab initio study of Cr interactions with point
defects in bee Fe,” Phys. Rev. B, vol. 75, no. 1, p. 014110, Jan. 2007.

J. M. Sampedro, E. del Rio, M. J. Caturla, M. Victoria, and J. Manuel Perlado, “Defect
energetics in Fe—Cr alloys from empirical interatomic potentials,” J. Nucl. Mater., vol.
417, no. 1-3, pp. 1050-1053, Oct. 2011.

D. Terentyev, P. Olsson, T. P. C. Klaver, and L. Malerba, “On the migration and trapping
of single self-interstitial atoms in dilute and concentrated Fe—Cr alloys: Atomistic study
and comparison with resistivity recovery experiments,” Comput. Mater. Sci., vol. 43, no.
4, pp. 1183-1192, Oct. 2008.

D. Terentyev, L. Malerba, P. Klaver, and P. Olsson, “Stability and mobility of self-
interstitial atoms and their clusters in Fe-Cr alloys: an atomic-level study,” J¢. Int. Top.
Meet. Math. Comput. Supercomput. Nucl. Appl., pp. 1-6,2007.

J. Wang, G. Wang, J. Zhao, "Structures and electronic properties of Cu20, Ag20, and
Au20 clusters with density functional method," Chem. Phys Let., vol. 380, no 5-6, pp.
716-720.

22



