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Pt-Ni interatomic potentials with the Embedded Atom Method fitted upon Density Functional Theory calculations for the simulation of binary, Pt-Ni, nanoparticles.
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Abstract
Embedded Atom Method (EAM) potentials have been fitted for the atomistic simulation of small, ~2-5 nm, binary, Pt-Ni, nanoparticles completely from Density Functional Theory (DFT) total energy calculations. The overall quality of the DFT calculations and the final potential is obtained through the independent calculation of an array of properties of the pure metals and the stable alloys, which are normally used for the fitting of interatomic potentials. The ability of the fitted potentials to simulate nanostructures is evaluated by the reproduction of binary nanoslabs with thickness ~1 nm, and nanoparticles in the extreme case of the smallest icosahedrons possible with diameter ~0.6 nm. The used approach requires high quality of convergence but otherwise low cost DFT as it is based on static total energy calculations. It also provides objective criteria for the evaluation of the fitted potentials during fitting and has been implemented with the open source code GULP.

1.  Introduction
Ever since the introduction of the Equation of States (EOS) of Murnaghan 1 in 1937 which allowed the correlation of experimentally measurable properties of a material to the EOS and later by the  introduction of the universal Equation Of States by Rose et. al. 2, in the early 80’s, several empirical interatomic many body potential methods has been developed for the atomistic simulation of metals and metal alloys.  In 1984 Daw and Baskes3 introduced the embedded atom method (EAM) for the simulation of pure metals and their work was soon complemented and expanded to alloys by the work of Foiles4 and Johnson 5. Their methodology still remains popular for atomistic simulation studies due to the quality of the results it can achieve but also because of the low computational cost 6, 7 involved to calculations with this type of potentials. 
The empirical interatomic EAM potentials for cubic monoatomic metals and alloys are being fitted upon the experimental values of the equilibrium lattice parameter a0, the cohesive energy E0, three elastic constants, and the vacancy formation energy Evf. This basic set of properties is often complemented with low-index surface energies, phonon frequencies, etc. 6. The later introduction of semi-empirical potentials8 which have the individual metal potentials fitted empirically but the cross-interaction term fitted upon  density functional theory calculations of the alloyed systems has improved the reliability of computer simulation studies and allowed them to  approach a wide set of problems 6.
 However the unavailability of reliable experimental information on metal properties, especially for binary and ternary systems, that can be directly linked to atomic interactions, accompan[footnoteRef:1]ied by the fact that most experimental properties represent very small regions of configuration space near or at equilibrium, limits the availability and the transferability of those potentials6. One case of special interest to us is the study of small, ~2-5 nm, binary nanoparticles which are used for catalytic functions such as the Oxygen Reduction Reaction (ORR). [1: *Corresponding Author 
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 Metallic nanoparticles at this size are known to exhibit properties which are considerably different to those of the macroscopic materials. This is due to the small bulk to surface atoms ratio which results in new atomic relaxations and nanoparticle shapes. Furthermore the small number of atoms in those nanoparticles results in quantized valence states instead of valence bands and also to an alteration of the outer electronic orbitals themselves9. These qualities play a crucial role on the reactivity of single metal and alloyed nanoparticles.  
 The ability of interatomic potentials, fitted upon macroscopic bulk and planar surfaces properties at equilibrium, to provide reliable information on surface segregation and  relaxation on small (~2-5 nm) alloyed nanoparticles properties is therefore questionable, while the small size of the nanoparticles makes the experimental confirmation of those models predictions nearly impossible. 
Given the experimental difficulties involved to the characterization of nanoparticles, the most popular approach for the study of their properties is the employment of self-consistent Density Functional Theory (DFT) calculations which take into account the electronic interactions of the atoms. However the computational cost of those calculations limits significantly the size of the studied systems as well as the length of any simulations.  
In this study EAM potentials are fitted for Ni, Pt and Ni-Pt binary systems completely upon DFT predictions on EOS for a wide range of structures. The information on the precision and scattering of the total energy calculations of the fitted potentials to the DFT predictions for each class of structures is obtained and provides a guide on the reliability of the obtained potentials while the physical properties that are normally included to empirical and semi empirical fitting are reproduced. 
Pt and Ni are chosen for two reasons, first due to the great current interest on the Pt-Ni core-shell nanoparticles in electrochemical applications but also because of the wealth of Pt-Ni potentials that have been proposed and applied to studies over the time4, 5, 10 and DFT studies published11-13 for this system giving us good reference points for the evaluation of the applied methodology. 
2 Methodologies
2.1 Overview
Total energy static calculations are initially performed by DFT for Ni and Pt that provided the Equations of States (EOS) of bulk, unrelaxed vacancies, and surfaces with 100, 110 and 111 orientations obtained from slabs with variable thickness. EAM potentials are then fitted to the obtained results for each metal.  
Following that, a new set of EOS has been produced by DFT for the known stable alloys Ni1Pt3, Ni3Pt1 and Ni2Pt2 the first two with the L12 and the third the L10 structures respectively and a set of binary slabs of variable thickness that have a core-shell (Pt-Ni and Ni-Pt) structure with the surfaces perpendicular to the 100, 110 and 111 directions. A final fitting is performed to obtain the cross interaction of Pt and Ni.
The quality of the final potential is then evaluated based on the scattering of the total energy calculations from the DFT structures used, the calculation of a range of experimentally observable properties that has been indirectly included in the fitting but also from the predictive ability of the potential in a range of properties that have also been calculated by DFT for comparison but not included in the fitting database.  

2.2.1 DFT calculation details  

Self-consisted Density Functional Theory calculations14 on Pt, Ni and Pt-Ni systems was carried out with the Perdew-Burke-Ernzerhfof (PBE) generalized gradient approximation of the exchange-correlation functional15 within the Projector Augmented Wave pseudo potentials (PAW) scheme as implemented by VASP16 .  
The Kohn-Sham single electron wave function was expanded by plane waves with an energy cut-off of 450 eV which has been tested to convergence for the 4 atoms bulk system of both Ni and Pt. The 100, 110 and 111 surfaces and core-shell slabs are produced by Material Studio visualizer.17
and VESTA18 and are modelled by slabs with thickness of 8, 16 and 20 atoms upon which periodic boundary conditions are applied in all three dimensions and an empty space with thickness of more than 15 Å is introduced perpendicular to the chosen direction. The Monkrhorst-Pack19 scheme with k-point grid of 19x19x19 was used for bulk systems with 4 atoms. For the 31 and 32 atoms systems that are used to calculate the unrelaxed vacancy energy formation a 7x7x7 k point grid is used while for the 100 and 110 surfaces it is 19x19x1 . Finally for the k-point grid of the 111 surface the Gamma scheme is selected which is appropriate for hexagonal structures with 19x19x1 k points. Magnetic properties are being calculated, for the cases of pure Ni and Ni-Pt systems by assigning initial magnetic moments of 1 μΒ to each atom.
 

2.2.2 Elastic constants calculations
By applying a third order polynomial to the bulk equations of states allows a precise estimation of the lattice parameter to be obtained from the static calculations while the bulk modulus at 0K can be calculated from the static EOS by use of the definition
     (1) 
Where B is the Bulk modulus, V is the volume per atom and E is the energy per atom.20 
C’ can be calculated from total energy calculations when the lattice is oriented within the simulation box as 100, 010, 001  by the compression parallel to one cubic axis with expansion parallel to another while the third remains unchanged. If this distortion exx leaves the volume unchanged, then there is only one independent strain variable and C’ can be calculated by equation 2.20
   
        (2) 


C44 can be calculated in a similar way the lattice is oriented within the simulation box as 110, 1-10, 001 instead of 100, 010, 001 as for the case of C'.
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With V0 being the volume of the undistorted lattice21.
Finally the cohesion energy of the alloyed structures is calculated from 
                                   (3)
Where Ealloy is the total energy of the alloyed structure divided by the number of atoms in it, and ENi, EPt are the energy per atom of the bulk nickel and platinum respectively.  XNi is the percentage of Ni in the alloy composition.

2.3 Embedded Atom Method 
The force field was modelled with the embedded atom method (EAM) 3.  The total potential energy of a system is given by

where i and j denote atoms. fi is the electron density functional  which in this case is the Johnson functional5
                   
where   and    
and ρe,α,β,γ,Εc and φe are parameters to be fitted.
The electron density at atom i due to every other atom j is given by

with rij being the distance between the atoms, while  f(rij) has an exponential form

           (4)      

Where c, n, d, ro are parameters.  We set n=0 and c, d and ro  are three more parameters to be fitted. Finally φ(ij) is a Buckingham function that provides the pair interaction.

Where A, B and C are three more parameters to be fitted.
Once the parameters needed for the description of both metals have been obtained an additional Buckingham is needed to determine the cross interaction of Pt and Ni as well as an alloying parameter that provides a linear scale correction between the pure metals, giving rise to four more parameters to be determined by fitting upon the total energies of binary structures4. The cut-off of the potential is set to 12 Å while a many body taper function as implemented by GULP is applied for distances between 8 and 12 Å.

2.5 Fitting databases
For Pt and Ni the databases included total energy calculations obtained by static calculations of bulk, unrelaxed vacancies and the 100, 110 and 111 surfaces. For each of the six categories of structures, the total energy for a number of lattice parameters around the equilibrium values of lattice parameter are calculated. The total energy calculations of the 100, 110 and 111 surfaces are performed with slabs that have thickness of 4, 8 and 10 atomic layers. These compressed and stretched states of those metallic structures constitute the equation of states for each respective category of structures and allow the detailed exploration of the interaction between the atoms and consequently the determination of lattice parameter and the bulk modulus of each metal at 0 K. Additionally compressed and stretched bulk calculations have been performed on systems that include 32 and 31 atoms in order to determine the size convergence of the calculations and also to include in  the fitting the value of the energy of formation for the unrelaxed vacancies. 
The determination of the Pt-Ni cross interaction terms has been achieved by fitting upon total energy calculations of bulk and slabs with thickness of 4, 8 and 10 atomic layers and surfaces of 100, 110 and 111 emulating the core-shell structure. The bulk calculations are performed for each of the known stable alloys Pt1Ni3, Pt2Ni2 and Pt3Ni1 and like in the case of the pure metals they consist of static calculations with lattice parameters around the equilibrium which allows the calculation of the bulk modulus of each individual alloy. The binary surface calculations are about slabs with the core-shell structure that have been allowed to undergo a geometry optimization thus resulting to equilibrated nanoslab surfaces along the 100, 110 and 111 directions.  
These nanoslabs represent a one dimension solution of nanoparticles with diameter equal to the thickness of the respective slab. The exchange of the Pt and Ni in the core-shell structure allows the energetic discrimination by the fitted potential of the Pt-Ni core-shell to Ni-Pt core shell and Pt-Ni interface systems. The surface nanoslabs where performed for 4, 8 and 10 atomic layers thickness. 

2.6 Fitting procedure
The fitting procedure is based on the minimization of the sum of squares defined by

Where Nobs is the number of observables, fiobs and ficalc  are the observed and the fitted values of  the observable respectively and Wi  is the weighting factor for the given observable22. The initial guess for the fitted parameters are obtained by the EOS of the bulk systems with 4 atoms where several initial guesses has been tried out in order to identify the possible alternative fittings. Following that, the produced potential is further refined by introducing the surfaces and the vacancies. 
Once the entire fitting database is included in the fitting, a circular weighting through each subset approach is applied where each time the best attainable fitting is the initial guess for the next larger subset or weighing preference. Finally when all the observables are fitted within a scattering error bar of the order of  ~±0.018 eV for the pure metals a final weighting preference on the 4 atoms bulk EOS is applied to ensure good bulk behaviour of the potential.  

2.7 Properties predicted by the potentials

The quality of the potential is determined not only by the quality of fitting upon the databases used but also on its ability to predict properties of the material that has not been included in the fitting database. In this case the potentials are used for the calculation of the elastic constants C44 and C’,
The relaxed vacancy formation energy and relaxation of the atoms in binary nanostructures like small nanoslabs with thickness ~1-2 nm and nanoparticles with diameter ~0.6 nm. The obtained properties are further compared to experimental values when possible and the predictions of DFT calculations.


3. Results
3.1 DFT results
In order to control the quality of the DFT calculations, the lattice parameter, bulk modulus, C44, C’, energy formation of unrelaxed vacancies, relaxed and unrelaxed surface energies for the surfaces 100, 110 and 111 along with surface relaxations for the pure metals has been calculated along with the magnetic moment for Ni and the three stable alloys Ni3Pt1, Ni2Pt2 and Ni1Pt3.  
 EOS static calculations on Ni and Pt resulted to lattice parameters of 3.524 Å and 3.977Å respectively while the bulk modulus at 0K is calculated at 196 GPa for Ni and 251 GPa for Pt. Finally spin-polarization calculations are used to calculate the magnetic moment of Ni which is found to be 0.63 μB per atom. These results are consistent to experimental and DFT results previously reported for nickel and platinum and especially for results obtained by the GGA method and the PBE functional for Nickel 12, 23. The EOS obtained from the three stable alloys of Pt-Ni namely Ni3Pt1, Ni2Pt2 and Ni1Pt3 resulted to lattice parameters of 3.661Å, a=3.852 Å-c=3.634 Å and 3.885Å respectively. The respective bulk modulus at 0K is calculated to be 206 GPa, 219 GPa and 235 GPa and the magnetic moments to be 0.61 μB 0.53 μB and 0.30 μB once again consistent to calculations previously performed at the same level of theory 11. Finally the cohesion energies are -0.074 eV/atom for the Ni3Pt1, -0.099 eV/atom for the Ni2Pt2 and -0.069 eV/atom for Ni1Pt3. The results from the DFT calculations on Ni and Pt at 0K and their stable alloys are summarized in table 2.

3.2 Testing and validation of the EAM potentials


The initial evaluation of the fitted potential is obtained from the comparison of the EOS as obtained by the EAM potential and the DFT total energy calculations. The deviation around the potentials minimum up to the energies comparable to the melting point, is less than ±1 meV per atom for the pure metals, figure 1, and ±2 meV per atom for the stable alloys, figure 2. Also the overall good agreement is demonstrated in figures 3 and 4 with total energies plotted against the lattice parameters. In addition the unrelaxed vacancy formation energy for the pure metals is obtained within ±4 






                                                                                 
Figure 1: Deviation of the total energy calculations with 4 atoms bulk structures, EOS, of the EAM potentials from the DFT predictions.













Figure 2: Deviation of the total energy calculations with 4 atoms bulk structures, EOS, of the EAM potentials from the DFT predictions. The black line indicates the length of the experimental melting point in the eV axis.




Figure3: Total energy vs lattice parameter obtained from 4 atoms bulk systems, Right: Ni and Left: Pt.

l
Figure 4: Total energy vs lattice parameter obtained from 4 atoms bulk systems of the stable alloys 1Ni3Pt, 2Ni2Pt and 3Ni1Pt. The 2Ni2Pt system is plotted against the long direction.

The surface properties of the potential are ensured by the use in the fitting database slab structures of various thicknesses. The total energy for the cases of the 100, 110 and 111 surfaces of the pure metals, for the unrelaxed structures, is obtained within ±20 meV per atom. The core-shell nanoslabs, Pt-Ni and Ni-Pt with various thicknesses, as obtained after relaxation with DFT, are also reproduced within ±30 meV per atom. 
Since the deviation of the EAM potential from the DFT calculations has been ensured to be within the above mentioned limits the predictive ability of the fitted potentials is further evaluated by the comparison of an array of properties that can be obtained experimentally and are normally used for the fitting of such potentials. The comparison of those properties as obtained by EAM, DFT and the experimental values when are presented in table 1. 
These properties are distinguished in those that have been included indirectly in the fitting database and those that haven’t. The lattice parameters, the bulk moduli, the vacancies formation energies, the cohesion energies of alloys, the surface energies of the pure metals, table 2, and the total energies of the core-shell nano-slabs have been included in the fitting and are reproduced by the fitted potential while the C44, C’ elastic moduli , the relaxed vacancy formation energies and the total energy and atomic distances of icosahedron nanoparticles with 13 atoms has been calculated independently and compared to DFT results and reported experimental values. 

The DFT-EAM deviation of the total energy calculations when the unit cell is subjected to tetragonal and orthorhombic strains is presented in figures 5 and 6 for the pure metals and the stable alloys. These figures suggest that deformations up to 2% are reproduced within in of 3 meV for the pure metals and within 5 meV for the alloys.  










Figure 5: Deviation of total energy calculations of the EAM predictions from DFT when tetragonal strain is applied. Right : Pt and Ni Left: 1Ni3Pt, 2Ni2Pt and 3Ni1Pt.
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Figure 6: Deviation of total energy calculations of the EAM predictions from DFT when orthogonal strain is applied. Right : Pt and Ni Left: 1Ni3Pt, 2Ni2Pt and 3Ni1Pt.

	Method
	Units
	Ni
	Pt 
	Ni1Pt3
	Ni2Pt2
	Ni3Pt1

	DFT
	α(Å)
	3.524
	3.977
	3.885
	a=3.852
	3.661

	
	
	
	
	
	c=3.634
	

	EAM
	α(Å)
	3.525
	3.978
	3.885
	a=3.884
	3.661

	
	
	
	
	
	c=3.575
	

	Exper.
	α(Å)
	3.525
	3.922
	3.885
	3.794
	3.607

	DFT
	B(Gpa)
	196
	251
	235
	219
	206

	EAM
	B(Gpa)
	194
	254
	241
	227
	212

	Exper.
	B(Gpa)
	180
	230-270
	223-227
	209-214
	202

	DFT
	C44(Gpa)
	129
	 61
	 99
	119
	 121

	EAM
	C44(Gpa)
	69
	 34
	 38
	 46
	 50

	Exper.
	C44(Gpa)
	132-123
	 76-78
	 
	 
	 

	DFT
	Shear C’ (Gpa)
	51
	41
	59
	63
	53

	EAM
	Shear C’ (Gpa)
	16
	10
	11
	17
	13

	Exper.
	Shear C’ (Gpa)
	54-49.6
	52
	 
	 
	 

	DFT
	M (μΒ)
	0.63
	0
	0.3
	0.53
	0.61

	DFT
	Total energy/atom / eV
	-5.570
	-6.056
	-6.004
	-5.912
	-5.766

	EAM
	Total energy/atom / eV
	-5.570
	-6.056
	-6.004
	-5.911
	-5.767

	DFT
	Ec(eV/atom)
	0
	0
	-0.069
	-0.099
	 -0.074

	EAM
	Ec(eV/atom)
	0
	0
	-0.069
	-0.097
	 -0.073

	Exper.
	Ec(eV/atom)
	0
	0
	-0.079
	-0.117
	 -0.089

	DFT
	Ev/ eV
	1.49
	1.09
	 
	 
	 

	EAM
	Ev/ eV
	1.44
	1.09
	 
	 
	 

	static
	
	
	
	
	
	

	EAM relaxed
	Ev/ eV
	1.38
	1.02
	 
	 
	 

	Exper.
	Ev/eV
	1.6-1.8
	1.5
	 
	 
	 


Table 1: α, B, C44, C’,  M, Ec , Ev are the lattice parameters, Bulk modulus,C44 elastic constant, C’ elastic constant,  magnetic moment per atom, energy of formation for alloys and energy of unrelaxed vacancy formation respectively.





Table 2:  Relaxed surface energies for the pure metals.
	Method
	Surface orientation/Units
	Ni
	Pt

	DFT
	100/    J/m2
	2.187
	1.858

	EAM
	100/    J/m2
	2.100
	1.546

	DFT
	110/    J/m2
	2.192
	1.858

	EAM
	110/    J/m2
	2.100
	1.546

	DFT
	111/    J/m2
	1.914
	1.495

	EAM
	111/    J/m2
	1.970
	1.437

	Exper.
	polycrystaline/  J/m2
	 2.38-2.23
	  2.49-2.59

	Exper.
	polycrystaline/  J/m3
	2.450
	2.475



The ability of the potential to reproduce the properties of nanostructures is evaluated by the relaxation of the atoms position from a core-shell, Ni-Pt, slab with thickness around 1 nm, figure 7, and by the relaxation of Pt and core-shell, Ni-Pt, icosahedron nanoparticles with 13 atoms with diameter around 0.6 nm, figure 8, as predicted by the DFT and the EAM potentials.  The relaxation of the atoms is predicted within 0.1 Å for the case of the nanoslabs and 0.2 Å for the case of the nanoparticles. Considering that the behaviour of the potential improves as the size of the particles increases it is reasonable to expect that the position of atoms for nanoparticles with diameter of more than 2 nm will be predicted with accuracy better than 0.1 Å. The fitted EAM potential parameters are presented in Table 3.



[image: ]





Figure 7: Relaxation of atoms comprising a core-shell Ni-Pt slab along the 100 surface, by DFT and EAM. Right: X,Y dimension of the box with  Z=30 Å. Left: Red and blue circles represent Pt and Ni atoms respectively (dimension C indicates the 100 direction).  



Table 3: Total energy and interatomic distances from relaxed icosahedron nanoparticles and core-shell Ni-Pt nanoparticles comprised of 13 atoms by DFT and EAM, figure8. 
	    Tot Energy/ eV
	  Ni1Pt12
	    Pt

	EAM
	-62.467
	-61.198

	DFT
	-55.318
	-53.903

	Atomic Distances/Å
	 
	 

	EAM
	 
	 

	surface-surface
	2.488
	 2.553

	surface-center
	2.366
	 2.428

	DFT
	 
	 

	surface-surface
	2.697
	2.7-2.8

	surface-center
	2.565
	2.6-2.7
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Figure 8: Icosahedron nanoparticles comprised of 13 atoms,~0.6nm  Right: Pt nanoparticle. 
Left: Ni-Pt, core-shell nanoparticle. Red and blue circles represent Pt and Ni atoms respectively. The black lines depict the surface-surface and surface-center interatomic distances. The total energy and interatomic distances are presented in table 3.

4. Discussion and conclusions
In this work we attempted to establish a methodology for the development and evaluation of Embedded Atom Method potentials for the simulations of small binary, Pt-Ni, nanoparticles with diameter between 2 and 5 nm. The fitting is based purely on DFT calculations while experimentally observable properties of the material have been calculated to allow the comparison of our potential to those fitted upon such properties. This approach resulted to potentials that reproduce qualitatively the total energy values obtained by DFT and also reproduce the atoms positions within 0.2 Å even for the smallest icosahedron core-shell nanoparticle possible. Finally the fitted potential can be used for the development of more complex interatomic potentials, based on DFT calculations, setting the ground for the simulation of such nanoparticles on a variety of substrates. 
The used approach requires high quality of convergence but otherwise low cost DFT as it is based on static total energy calculations and it allows the modelling of binary systems where experimental properties are rare. It also provides objective criteria for the evaluation of the fitted potentials during fitting and can be implemented with an open source code such as GULP.
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