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Abstract. Properties of materials are best analyzed when lattice parameters of such compounds of
materials are predicted accurately.In density functional theory prediction of lattice parameters, density
functionals play important role in obtaining accurate values. In this study, density functional theory was
used to investigate accurate prediction of lattice parameters of some transition metal nitrides. Local
Density Approximation (LDA) and Generalized Gradient Approximation of Perdew-Burke-Ernzerhof
revised for solids (GGA-PBEsol) functionals combined with ultrasoft and projector augmented wave
(PAW) pseudo-potentials were used for the investigation. The results indicated that GGA-PBEsol
functional with PAW pseudo-potential performed better in predicting lattice parameters of these
compounds. ForFeN compound, the calculated lattice parameter with GGA-PBEsol functional and PAW
pseudo-potential was 4.232 A compared with the experimental values of 4.307 A and 4.296 A
corresponding to a little underestimation of about 1.74% and 1.49% respectively. Ultrasoft pseudo-
potential of GGA-PBESsol functional and LDA functional with the two pseudo-potentials overestimated
the lattice parameters for over 5%. It was concluded that, for the functionals and pseudo-potentials
considered, GGA-PBEsol with PAW pseudo-potential may be a very good choice for prediction of lattice
parameters of binary compounds with transition metals.

Keywords: Binary compounds, overestimation, projector augmented wave, local density approximation.

1. Introduction

In materials science applications, accurate information on the lattice constants of compounds
of materials is very useful for accurate determination of their various properties. Crystalline
structures are completely described by their lattice constants, together with their atomic
positions and site occupancy. Materials are fully characterized and identified having
knowledge of its accurate lattice parameters[1], [2]. Thus, obtaining accurate lattice
parameters of materials’ compounds is of utmost interest in the present day’s research.

Lattice parameters are determined by both experimental and theoretical methods.
Common experimental methods include X-Ray Diffraction (XRD) [2], electron diffraction
[3], combined X-Ray and optical interferometer [4]Jamong others. The popular experimental
method been XRD has been researched extensively by many researchers [2], [5]-[9].Due to
the complexity of experimental techniques in predicting lattice parameters of materials’
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compounds, computational tools are the hope for providing reasonable insight into lattice
parameter prediction.

Density Functional Theory (DFT) has over the years become a powerful
computational tool for the calculation of electronic properties. It is based on Kohn Sham
method [10], [11] and it is capable of computing several properties of molecules, surfaces and
solids [12]. It is efficient and computationally less expensive and thus can compute systems of
several atoms up to thousands. This simplicity is due to theability of DFT to recast a system
of interacting electrons of many body Schrodinger equation into a fictitious system of non-
interacting electrons that is easy to compute [13]. Thus, the exchange correlation energy
between the electrons has to be represented by an approximate functional. The choice of this
exchange correlation functional in many calculations determines the accuracy of calculations
[12], [13].

The common and most popular approximation to the exchange correlation energy are
the Local Density Approximation (LDA) [14], [15] and the Generalized Gradient
Approximation (GGA) [16]-[18]. Under GGA, there exist PW91 functional (Perdew Wang)
[15], Perdew Burke Ernzzerhof (PBE) functional [17], [18] and Perdew Burke Ernzzerhof
reversed for solid (PBEsol) [19]. These functionals are believed to be sufficient for lattice
parameter calculations for most compounds but have limited performance in calculation of
some other properties like cohesive energies and also determination of band gaps of
compounds [12], [20]. Thus meta-GGA [21] and hybrid functionals[22] which are more
computationally expensive have been in existence for the improvement of other properties.

In this study, lattice parameters of iron nitride (FeN) and nickel nitride (NiN) in their
zinc blende crystal structure have been considered. Two pseudo-potentials ofLDAand PBEsol
functional of GGA were chosen to compare the accuracy of lattice parameters based on these
functionals and pseudo-potentials. FeN and NiN are binary solids that found applications in
surface nanotechnologies [23]-[25], magnetic storage devices [26], [27] among
others.Surface treatment of materials at nanoscale for nanotechnology application has been
studied comprehensively [28]-[30]. As the accuracy of many properties of compounds
depend on the accuracy of the lattice parameters, it becomes imperative to consider
functionals and pseudo-potentials that produce results comparable to experiments.

2. Materials and Methods

Quantumespresso [31]-[33], an open source code was used to implement Density Functional
Theory (DFT) for investigation of the lattice parameters of the zinc blende crystal structure of
FeN and NiN compounds. Local density approximation (LDA) [14], [15] and Generalized
gradient approximation of Perdew-Burke-Ernzerhof revised for solids (GGA-PBEsol)
[19]were used for the exchange correlation functional. Ultrasoft [34] and Projector augmented
wave (PAW) [35]pseudo-potentialswere used to describe the interactions between ions and
electrons. Optimize kinetic energy cutoff of 80 and 90 Rydberg were used for plane wave
basis set expansion for FeN and NiN compounds respectively for the PAW pseudo-potentials
of PBEsol whereas for other pseudo-potentials, kinetic energy cutoff of 50 Rydberg was used.
Brillouin zone (BZ) sampling was done using k-point meshes of 10 X 10 X 10on the
Monkhorst Pack grid [36]
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Figure 1: Crystal structures of XN in zinc blende lattices

Figure 1 shows the crystal structure of the transition metal nitrides considered in this study.
The structure is the zinc blende face centered cubic lattice with space group F43M. The balls
in red represent the atoms of the transition metal (X) whereas the ones in yellow represent the
atoms of nitrogen (N). The atoms are arranged in the crystal in such a way that the X atom are
coordinated tetrahedrally by the N atoms. This arrangement of atoms forms an XN, corner
sheared tetrahedrons.

3. Results and Discussion.

In this study, iron nitride (FeN) and nickel nitride (NiN) were chosen to investigate the
accuracy of their lattice parameters calculated with two different pseudo-potentials of LDA
and GGA-PBEsol functionals. The pseudo-potentials were Ultrasoft (USPP) and projector
augmented wave (PAW) pseudo-potentials. The lattice parameters were varied around the
experimental value and computation was performed on each lattice parameter to obtain
minimum energy of each of them respectively. The results for each pseudo-potential and the
two compounds were recorded and presented graphically as shown in Figure 2.
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Figure 2: Minimum energy as function of lattice parameter for (a) FeN and (b) NiN
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In the result presented on the graphs, it was observed that PBEsol functional of GGA with
PAW pseudo-potential produced lattice parameters whose minimum energy is the least for the
two compounds.

In order to obtain accurate lattice parameters comparable with experimental results,
Murnaghan equation of state[37] was used to fit the energy-lattice parameter data which is
presented in table 1. The Murnaghan equation of state is expressed as

KI

E—Kv[ - (vo) +1]+E 1
T KK =-1\vp 0 )

The least — square method determinestheparameters v,, K, K’ and E, which represent the
equilibrium unit cell volume, bulk modulus, pressure derivative of bulk modulus and the
equilibrium minimum energy respectively.

The table presents calculated lattice parameters compared with experiment and
percentage difference as error. Bulk modulus, its pressure derivative, equilibrium minimum
energy and equilibrium unit cell volume. The results revealed that, GGA-PBEsol functional
with PAW pseudo-potential produced result that is by far better than the other results as it
showed a little underestimation of about 1.74% and 1.49% respectively for the compared
experimental values. GGA-PBEsol functional with USPP and LDA functional with PAW and
USPP both overestimatethe lattice parameter for over 5% of the compared experimental
results.

The trend of the lattice parameter of FeN compound is such that it increases with increasing
equilibrium minimum energy and is near the experimental value when the equilibrium
minimum energy was least. This trend was not observed in the lattice parameter of NiN
compound, however the least calculated equilibrium lattice parameter corresponding to the
GGA-PBEsol functional with PAW pseudo-potential occurred at the least equilibrium
minimum energy. This is an indication that lattice parameters of these compounds are best
predicted with the GGA-PBEsol using PAW pseudo-potentials.

Table 1: Lattice Parameter, Bulk modulus and other equilibrium parameters.

Lattice Const. (&) Error Bulk Derivative ~ Equil. Min.  Equil. Min.
(%) Modulus of Bulk Energy (Ry) Volume

Compound  Functional ~ Pseudo-

potential Calc. Expt. (GPa) Modulus (A3)

GGA- PAW 4232 4307[9] 174 9830 371 1419.00  75.7944
PBEsol 4206 [38] -1.49

FeN USPP 4532  4307[9] +522 5137 3.08 107174 93.1124
4296 [38] +5.49

LDA PAW 4527  4307[9] +5.11 4916 3.8 140817  92.7831
4296[38] +5.38

USPP 4520  4307[9] +5.15 4986 3.7 109710 92.8969

4.296[38] +5.42

GGA- PAW 4.324 810.4 3.67 -1817.31 80.8227
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NiN PBEsol USPP 4.552 513.0 3.19 -481.64 94.3225
LDA PAW 4.536 490.6 3.21 -832.01 93.3123
USPP 4.572 530.6 3.14 -1816.90 95.5907

The bulk moduli of the computation of the compounds are quite high. This is
responsible for high hardness of transition metal nitrides. No experimental values were found
in literature for comparison, though we understand that LDA and GGA functionals
overestimate bulk modulus.

4. Conclusion

In this study, we have investigated the accuracy of lattice parameter calculations of FeN and
NiN compounds in the zinc blende crystal structure through first principles studies. LDA and
GGA-PBEsol functionals with ultrasoft and PAW pseudo-potentials were used in both cases.

The calculated results of the lattice parameters were compared with the experimental
results. It was confirmed that GGA-PBEsol functional with PAW pseudo-potential performed
better in predicting lattice parameters of these compounds. Observations showed that for FeN
compound, the calculated lattice parameter with GGA-PBEsol functional and PAW pseudo-
potential was 4.232 A compared with the experimental values of 4.307 A and 4.296 A
corresponding to a little underestimation of about 1.74% and 1.49% respectively. Ultrasoft
pseudo-potential of GGA-PBEsol functional and LDA functional with the two pseudo-
potentials overestimated the lattice parameters for over 5%.

The bulk moduli of the compounds computed with both functionals and pseudo-
potentials were high, which is typical of compounds with transition metals. It is the reason for
high hardness of nitrides of transition metals.

It can be concluded that for the considered functionals and pseudo-potentials, GGA-
PBEsol with PAW pseudo-potential may be a very good choice for prediction of lattice
parameters of binary compounds with transition metals.
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