atomic calculation of elastic constants for fcc and bcc metals: ab-initio and semiempirical approach.
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1.
Introduction
The most often used materials in technological industry are metals and their alloys. Their properties  very strongly depend  on potential between atoms which is controlled by structure and spatial arrangement of atoms. Atomistic  simulations can make substantial contributions to further elucidating of the these properties. However, these simulations are only as good as the model of the atomistic interactions which they employ. The interatomic bonding determines all of the atomic positions and therefore defines  the behaviour of the simulated solid. Using total energy and elastic constant calculation we evaluate  the ability of EAM potentials and ab-initio method for atomistic simulations in purpose of investigation of defect generation  in bulk material. 

2.
Theory
   From the perspective of materials physics, the elastic constants contain some of the more important information which can be obtained from ground state total energy calculations. A given crystals structure cannot exist in stable or metastable phase unless its elastic constants obey certain relationships. Generally, elastic constants determine the response of the crystal to external forces, as characterized by the bulk modulus, shear modulus, Young`s modulus and Poisson`s ratio . For elastic reversible deformation , the work done by the applied stress must be equal to the increase in internal energy. Assuming the linear elasticity by Hooke`s Law we consider strain tensor ε . 
Bulk Modulus B  - if we choose the strain  
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   (computed in volume non-conserving way, V0 – volume per atom).          (2)
Tetragonal shear constant C`  -  applying 
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  (computed in volume conserving way, V0 – volume per atom).                   (4)
Using these definition of B and C` we can calculate following elastic constants:
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The second-order elastic constants in framework of semiempirical potential and  pseudopotential are calculated for the study of   “ bulk properties “ and following simulation of nonuniformities in crystal.

In ab-initio method which includes the pseudopotential the bonding is represented by solving the non-relativistic quantum-mechanical Schrodinger equation for an interacting many-electron system. The quantum-mechanical calculations are performed within total energy pseudopotential method in which the only required input is the atomic number of given atom type and some  fundamental constants. The only approximations in this method are pseudopotential approximations as well as approximations of exchange and correlation energy of valence electrons known as Local Density Approximation (LDA) and General Gradient Approximation (GGA). In this work calculation of equilibrium lattice  and elastic constants are performed in both types of approximation.
The Embedding Atom Method (EAM) potential yields a semiempirical pair-wise many-body approach where the energy of each atom in system under consideration is computed from the energy needed to embed the atom  in the local-electron density provided the other atoms in system. It has been shown that this method including short-range repulsive pair interaction is powerful and suitable technique for description of FCC metals.  

3.
Methodology and results
In this work we used ABINIT calculation package whose main program allows to find the total energy, charge density and electron structure of system. In case of LDA was applied Teter Pade parametrization [Ref.] of exchange and correlation energy of valence electron and the tested scattering properties of ion cores are represented by Goedecker, Teter and Huetter (LDA1) [Ref] or Fritz-Haber Institute LDA [Ref] (LDA2) pseudopotentials. For GGA we considered  Perdew-Burke-Ernzerhof functional  to approximate exchange and correlation energy together with Fritz-Haber Institute GGA pseudopotential (GGA1) [Ref] and OPIUM generated pseudopotential (GGA2) [Ref]. The computational supercell contained 1 atom using the matrix of symmetry to create the primitive FCC cell. The sampling of the Brillouin zone was accomplished by an 8x8x8 Monkhorst-Pack scheme [ref] and in our conditions it was the highest amount of  k-points used .
Tab.1 

	COPPER

	
	This work ab-initio results
	Ab-initio e
	Experiment

	
	LDA1 
	LDA2 
	GGA1 
	GGA2 
	
	

	a(A)
	3.599
	3.587
	3.711
	3.695
	3.610
	3.62 f

	BM(GPa)
	158.0
	158.0
	117.0
	113.0
	153.0 - 190.0
	138.3 g

	C`(GPa)
	37.0
	…
	37.0
	38.0
	25.0 – 27.2
	23.8 h

	C11(GPa)
	207.0
	…
	166.0
	164.0
	193.0
	170 h

	C12(GPa)
	133.0
	…
	92.1
	87.0
	133.0
	122.5 h


a [Ref1]                                                                           a [Ref1]

a [Ref1]                                                                           a [Ref1]

It has been shown that such a  number of k-points was necessary for appropriate sampling of deformed supercell in calculation of elastic constants. The ecut energy value  changes depending on valence electronic structure of solid . For copper and nickel was used 60.00 and 70.00 Hartree  because of d electrons in their valence sphere what made our experiment together with large number of k-points extremely “time” consuming. The results of these calculation is compared with another ab-initio  and experimental data in Table 1., to 3.,. 
In EAM calculation we included semi-empirical  potential developed by Mishin et al. [ref] on large set of experimental and ab-initio databases. Our calculation was performed in framework of 160 atom supercell in case of suggested 3 FCC metals. It was necessary to use 27 supercells with total number of 4320 atoms in combination with Born-Von Karman periodic border conditions normal to the interface as well as parallel to the interface. The accuracy of computed results mainly depends on the quality of the embedding functions and its ability to treat electron density in  local coordination. The evidence that EAM describes the variety of FCC solid`s properties is shown in Table 4., in comparison with values from other EAM results and experimental data.

Tab. 2

	Nickel

	
	This work ab-initio results
	Experiment

	
	LDA1 
	LDA2 
	GGA1 
	GGA2 
	

	a(A)
	3.422
	3.520
	3.643
	3.622
	3.52 e

	BM(GPa)
	200.0
	191.0
	141.0
	137.0
	181.0 f

	C`(GPa)
	68.0
	45.0
	64.4
	49.0
	55.5 g

	C11(GPa)
	290.0
	249.0
	226.0
	203.0
	262.0 g

	C12(GPa)
	154.0
	161.0
	98.0
	105.0
	151.0 g


                      a [Ref1]                                                                           a [Ref1]

                      a [Ref1]                                                                           a [Ref1]

Tab. 3

	ALUMINIUM

	
	This work ab-initio results
	Experiment 

	
	LDA1 
	GGA1 
	

	a(A)
	3.991
	4.048
	4.05 c

	BM(GPa)
	81.4
	76.7
	79.0 d

	C`(Gpa)
	20.0
	22.0
	23.0 e

	C11(Gpa)
	107.0
	105.3
	108.0 e

	C12(Gpa)
	68.0
	62.4
	62.0 e


                                                        a [Ref1]                                                        a [Ref1]

                                                        a [Ref1]                                                        a [Ref1]

In EAM as well as ab-initio the equilibrium lattice constant and Bulk Modulus were determined by calculating the total energy as a function of lattice parameter. The data points were fitted by quadratic polynomial method. The minimum of the fitted energy curve gave the theoretical equilibrium lattice parameter and the second derivate at the minimum specified the equilibrium Bulk Modulus. The elastic constant C` was calculated due to the deformation which it  employs and continuously were found  C11 and C12 as is defined by (5) and (6). 
Tab.4
	
	EAM results

	
	Aluminium
	Copper
	Nickel

	
	This work
	EAMa
	Exp.
	This work
	EAMe
	Exp.
	This work
	EAMa
	Exp.

	a(A)
	4.05
	4.05 a
	4.05 b
	3.615
	3.615 e
	3.62 b
	3.52
	3.52 a
	3.52 b

	BM(GPa)
	77.0
	79.0 a
	79.0 c
	137.0
	138.3 e
	138.3 c
	184.0
	181.0 a
	181.0 c

	C`(GPa)
	16.6
	26.1 a
	23.0 d
	23.7
	23.7 e
	23.8 c
	32.67
	49.5 a
	55.5 d

	C11(GPa)
	98.5
	114.0 a
	108.0 d
	168.6
	169.9e
	170 c
	228.0
	247.0 a
	262.0 d

	C12(GPa)
	66.0
	61.6 a
	62.0 d
	121.2
	122.6 e
	122.5 c
	163.0
	148.0 a
	151.0 d


                      a [Ref1]                                                                           a [Ref1]

                      a [Ref1]                                                                           a [Ref1]

4. Conclusion
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