
ABSTRACT 

 
LIM, MINA. Understanding the Thermal, Structural, and Electrical Properties of the High 

Entropy Ceramics, High Entropy Oxides and Carbides, using Computational Modeling. (Under 

the direction of Dr. Donald W. Brenner). 

 

            Starting from the development of high entropy alloys (HEAs), the concept of high 

entropy has been extended with the exploration of high entropy ceramic compositions. Adding 

five or more atoms into the system creates high entropy characteristics which contains fewer 

phases in mostly solid solutions. This research field has great potentials growing to find new and 

exciting properties and future applications.   

            It is difficult to measure the fundamental physical interactions and explain the complexity 

of the high entropy ceramics through the experiments. Understanding the atomistic level of the 

detailed physical properties of high entropy ceramics has been explored using the computational 

simulations like the Molecular Dynamics (MD) simulations and the first principle study in this 

thesis. Chapter one introduces general concepts of high entropy materials and computational 

modeling method. The development of the high entropy materials and common modeling 

approaches are discussed. 

            Experimentally, the thermal conductivity reduction was measured with the addition of a 

sixth cation to the entropy stabilized oxide J14 (Mg0.1Co0.1Ni0.1Cu0.1Zn0.1)O0.5. Chapter two 

contains original work published in Journal of Applied Physics. This chapter summarizes the 

reduction behavior of the phonon thermal conductivity of five entropy stabilized oxides using 

classical molecular dynamics simulations. The five systems are J14 and J14 plus Sc, Sn, Cr or 

Ge in equi molar cation proportions. It is found that the phonon scattering from disorder in 

atomic charges can explain prior experimental result that show a lowering of thermal 



conductivity by adding a sixth cation to J14. Additional analysis using the Bridgeman equation is 

performed. 

            The properties of high entropy carbides (HECs) are examined and predicted in the 

chapter three and four using the Density Functional Theory (DFT). Nine HECs are examined 

which created by equi-molar combinations of five of the set of eight refractory metals Hf, Nb, 

Mo, Ta, Ti, V, W, and Zr.  

           Chapter three explores the relationship between high entropy carbides and their respective 

binaries. First, the predictability of the HECs properties from their respective binary compounds 

is described. Second, it was explored the practical relationship between the properties of the 

binary compounds corresponding to a give HEC composition and its entropy forming ability 

(EFA). It is found that lattice constant, binding energy, bulk modulus, average carbon vacancy 

formation energy (CVFE) and the energy difference between the Fermi Level and the pseudo-

gap () in the electronic Density of States are well approximated by binary carbide averages. We 

have found correlations between EFA and the standard deviation of the distribution of bulk 

moduli,  of the constituent binaries and the standard deviation of the CVFEs for each HEC. This 

finding proves the EFA as a central quantity for estimating properties of HECs beyond phase 

stability.  

            Chapter four is focused on understanding the electronic structure of high entropy carbides 

by the Density Functional Theory (DFT) and BoltzTraP calculations. The number of electrons in 

HECs are well predicted from the averages of the binaries. But the electrical conductivity is not 

correlated with the number of the electrons. The electrical conductivities of all HECs resulted 

lower than the ones of all the respective binaries. This can be used as a prediction guideline of 

the electrical conductivity for HECs from known electrical conductivities of binary carbides. The 



density of states study found that the electronic structure in HECs kept the same from the 

binaries regardless adding more metals in the structure. Furthermore, partial density of states 

(PDOS) reveals that HECs have the strong covalent bonds with metallic characterization.     

           Chapter five includes concluding remarks and some future works.                        
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Chapter1. Introduction 

Computational materials science is a computational prediction of material properties from 

atomic to microstructure level. Numerical computational simulations are performed to calculate 

materials properties and investigate the physical mechanism. Many system parameters like 

potential approximation, system sizes, and boundary conditions are the uncertainties and the 

limitations for the simulations. However, computational studies of the materials have been 

continuously developed to characterize and predict properties and mechanisms. In addition, 

computational simulations help to bridge the gap between theories and experiments. 

Computational simulations provide numerical solutions when theoretical models become too 

complex and difficult to solve analytically. The time scale of simulations and experiments has 

closely met due to the development of the high performance computation techniques and the 

continuous improvement in experimental characterization over the past two decades. Since 

modern materials have been become more complex and advanced, so the computation simulation 

methods have been highlighted to understand the detailed role of the materials’ composition, 

microstructure, defects, properties, designing.  

The interest of high entropy materials has been rapidly raised due to the combination of 

useful properties and promising applications. Starting from high entropy alloys, the study has 

been extended to high entropy ceramics such as oxides, borides, and carbides relatively recent. 

The high entropy materials are designed by the high configurational entropy associated with 

multi component, such as four or more elements, solid solution. To characterize and predict the 

high entropy ceramics’ (high entropy stabilized oxides and carbides) thermal and mechanical 

properties, computational simulations, e.g., molecular dynamics simulation and density 

functional theory, are performed in this thesis. The computational simulations are used not only 



 

 

2 

 

to crosscheck the results from the experiments, but also to predict and suggest the properties of 

high entropy ceramics prior to examining by experiments.  

 

1.1 High Entropy Materials 
 

A new class of materials with multi principal elements is proposed. The new material 

type of alloy is formed by mixing equimolar of five or more elements. Cantor et al.1 fabricated 

the five equimolar metal component alloy, FeCrMnNiCo, forming a fcc single solid solution 

phase. From their earlier work, the metallic systems with 16 and 20 metal elements containing 

equimolar amount were synthesized, but it formed multi phases rather than a single phase.  

Yeh et al.2 has named the materials as “High Entropy Alloys” (HEA) indicating those composed 

of five or more principal elements in equimolar ratio. They synthesized the alloys 

CuCoNiCrAlxFe and explored the fcc, bcc, or fcc+bcc depending on Al content. In 2008, Senkov 

et al.3 produced two single phase bcc structures with the refractory transition metals which are 

Nb25Mo25Ta25W25 and V20Nb20Mo20Ta20W20. Also, several single phase hcp of HEAs45 are 

introduced and Middleburg et al.6 extended the study in modelling on the atomic scale using 

DFT methods with Mo, Pd, Rh, Ru, Tc systems.  

The large mixing entropy results the solid solution of many elements more stable. The 

configurational entropy change can be calculated during the formation of a solid solution from 

equimolar n elements as below.  

 

𝛥𝑆𝑐𝑜𝑛𝑓 = 𝑅 ln 𝑛                                           (1.1.1)                                                                                                              

where R is gas constant, n is the number of elements.  



 

 

3 

 

Based on the effect of entropy mixing, Yeh7 suggested the three criteria of alloys. One is 

the low entropy alloys that are traditional alloys. Second is the medium entropy alloys containing 

2-4 major elements. High entropy alloys are characterized that are containing five or more 

elements with the entropy mixing value of 1.6R. High entropy effect enhances the formation of 

simple solid solution phases. The number of possible combinations is very large, which 

combined with the dearth of thermodynamic data for multiple components has made the 

prediction of stable high entropy materials challenging. The calculation of the enthalpy mixing is 

widely used in a regular phase selection model.8 Thermodynamically stable structures are 

involved with empirical relations of the distribution of atomic radii of a given chemical 

constitution that have been developed by Hume-Rothery rules.9–12 

A high entropy mixing concept between alloying elements has been developed for both 

functional and structural applications.13,14151617 These alloys have brought a significant attention 

in materials science and engineering because they have potentially desirable properties. The 

properties of strength, ductility, tensile strength, oxidation resistance and thermal stability are 

examined.1819202122323242526 The electrical272829 and magnetic3029313233 properties are also studied. 

Yeh et al.2 synthesized the multiple principal HE alloys and found their excellent properties such 

as hardness, resistance, stability, high-temperature strength, and ductility. Gludovatz34 found that 

the alloy of FeCrMnNiCo has a yield strength and a tensile strength between 759 and 1280 MPa, 

respectively. The fracture toughness is over 217 MPa·m1/2 which exceeds than those in nickel-

based super alloy, stainless alloy and tungsten alloy. Figure 1.1 shows that the high entropy 

alloys are in high regime for both of fracture toughness and yield strength. Other functional 

properties include to develop thin film nitride coatings as diffusion barriers3536, hydrogen 

storage3738, catalysts39, thermoelectric properties40 and radiation damage resistance.41 HEA 

https://en.wikipedia.org/wiki/Materials_science


 

 

4 

 

systems with the transition metal alloys have been emphasized because of the high temperature 

structure characteristics which are in high demand of aerospace and thermal specific 

applications. 

These high entropy alloys are also thermodynamically stable because the Gibbs free 

energy G is reduced by increasing entropy S.  

 

𝐺 = 𝐻 − 𝑇𝑆                                                  (1.1.2)                                                      

 

where H is the enthalpy of formation and T is the temperature. Figure 1.2 shows that 

enthalpy increases with temperature, and entropy becomes negative at high temperature. 

Therefore, the high entropy materials are more thermodynamically stable at high temperatures 

since the phase stability occurs favor at high temperature with mainly the entropy contribution. 

Gorr et al.42 introduced a new refractory HEA system of MoWAlCrx with a high melting 

temperature of about 1700°C and thermally stable at high temperatures between 1077°C and 

1700°C. The high entropy TiVZrNbHf alloy is used for the nitride coating showing high 

hardness and thermal stability in the temperature range to 1100°C.43 
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Figure 1.1 Ashby map showing fracture toughness as a function of yield strength for high 

entropy alloys in relation to a wide range of material systems. Adapted from 34 

 

Cr18Mn27Fe27.5Ni27.5 HEA performs a high corrosion resistant behavior and thermal stability at 

700°C for 1000 hours.44 Refractory high entropy Nb25Mo25Ta25W25 and V20Nb20Mo20Ta20W20 are 

shown excellent compression yield strength and good ductility at temperature between 600°C 

and 1600°C.3 Pacheco et al.45 investigate the thermal stability of phase composition of the 

HfNbTiVZr alloy that stays stable single bcc phase between 830°C and 1490°C.  
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Figure 1.2 Gibbs energy G, and enthalpy H, plot with temperature T, showing the temperature 

dependence of Gibbs free energy and enthalpy. Adapted from 46 

 

 

Since the high entropy alloys approach and potentials had been introduced in 2004, 

research into those materials has been rigorously expanded for more alloy and material design.  

Inspired by the high entropy alloys discovery, in 2015, Rost et. al47 extended the entropy concept 

to five-metal component oxides. The configurational disorder corresponds to  

randomness of cations in a single sublattice promote novel and entropy stabilized forms of 

crystalline matter. They demonstrated the existence of a new class of mixed oxides with an 

equimolar mixture of MgO, CoO, NiO, CuO and ZnO. The outcome material is 
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(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O, which they named it as ‘J14’. The entropic stabilization hypothesis 

was supported from all experimental results such as testing reversibility, entropy through 

composition variation, endothermicity, and homogeneity. They successfully fabricated a single 

rocksalt phase entropy stabilized oxide with randomly distributed of five equimolar metal cations 

in a single sublattice. Figure 3. shows X-ray diffraction (XRD) patterns for J14 and there are two 

prominent phases, rocksalt and tenorite (monoclinic structure) are observed after 700C. It clearly 

shows the tenorite phases are reducing by increasing the temperature and full conversion to the 

rocksalt phase occurs between 850°C and 900°C. Besides HEO in a rocksalt structure, a single 

fluorite phase high entropy oxide with the composition of (Ce0.2Zr0.2Hf0.2Sn0.2Ti0.2)O2 is 

synthesized.48 The results demonstrate a clear single fluorite phase about 1500°C which is much 

higher than the one of J14 reported by Rost.47 Also, perovskite type of multicomponent oxides 

containing up to 10 different cations in equi-atomic are studied. The system of 

(Gd0.2La0.2Nd0.2Sm0.2Y0.2)MnO3
49 shows a single perovskite phase at high temperature about 

900°C. Phase stability occurs at high temperature and it indicates the typical entropy stabilization 

behavior which the entropic term dominates the free energy of the system. 
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Figure 1.3 X-ray diffraction (XRD) patterns for high entropy oxide J14. Adapted from Rost 47 

 

 

This study extends the high entropy stabilization concept from the rocksalt oxides to 

multicomponent perovskite type oxides. The properties of HEOs can be utilized in many 

different applications505152535455 with their mechanical5652, magnetic57 and optical54 properties. 

Recently, the thermal properties are reported observing the correlation between the low thermal 

conductivity and the phonon scattering from the disorder in the system.5653  

In 2016, Gild et al.58 extended the state of the art of the crystalline high entropy ceramics 

to the high entropy metal borides (HEB). They successfully synthesized seven different high 

entropy metal boride compounds with six single hexagonal boride phase including 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2, (Hf0.2Zr0.2Ta0.2Mo0.2Ti0.2)B2, (Hf0.2Zr0.2Mo0.2Nb0.2Ti0.2)B2, 

(Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2, (Mo0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2, and (Hf0.2Zr0.2Ta0.2Cr0.2Ti0.2)B2 

and one multi phase of (Hf0.2Zr0.2W0.2Mo0.2Ti0.2)B2. This work is the first time crystalline high 

entropy non oxide ceramics have been synthesized with exhibiting a unique layered hexagonal 

crystal structure that consists of alternating rigid two dimensional boron nets and metal cations 
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on the other two layers. Metals are randomly distributed on the layers with mixed ionic and 

covalent bonds between metals and boron. Tallarita at al.59 fabricated a bulk high entropy metal 

boride (Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2 by Self propagating High temperature Synthesis (SHS) 

followed by processing the SHS powders at 1950°C through Spark Plasma Sintering (SPS). It 

gives a single hexagonal phase of borides which is similar to the one produced by Gild et al. but 

performs better hardness and improved oxidation resistances.59 Zhang et al.60 also synthesized 

high entropy boride powders (Hf0.2Zr0.2Ta0.2Cr0.2Ti0.2)B2, (Hf0.2Mo0.2Zr0.2Nb0.2Ti0.2)B2, and 

(Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2 from metal oxides and amorphous boron power by improved 

sintering. These sintered powders results high hardness values of 28.3, 26.3, and 25.9 Gpa, 

respectively.60 

The high entropy ceramic studies started with the oxides and borides and have been 

extended to the carbides. Castle et al.61 fabricated two bulk equiatomic Ultra High Temperature 

Ceramic (UHTC) carbide compositions, i.e., (Hf-Ta-Zr-Ti)C and (Hf-Ta-Zr-Nb)C, from 

transition metal carbides HfC, TaC, ZrC, NbC, and TiC. A single phase rocksalt structures were 

formed. They used two steps which are ball milling and Spark Plasma Sintering (SPS) with a 

maximum sintering temperature of 2573K. The nanoindentation test result of the carbides 

showed a significantly enhanced hardness (36.1±1.6GPa), in comparison to the hardest binary 

carbides (HfC, 31.5±1.3GPa) and the (Hf-Ta)C (32.9±1.8GPa). Other properties like the 

microstructure, atomic structure, and localized chemical disorder of the (Hf-Ta-Zr-Nb)C 

composition was investigated by Dusza et al.62  

Sarker et al.63 proposed the ab initio entropy descriptor which is called the Entropy 

Forming Ability (EFA) from first principles study. It provides a new systematic understanding 

for the formation of single phase high entropy carbides by evaluating the energy distribution 
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spectra of the structures that are generated by Automatic FLOW (AFLOW) partial occupation 

(AFLOWPOCC) method.64 The standard deviation is used to characterize the energy distribution 

spectrum quantitatively. A total 56 five component systems can be generated from eight 

refractory metals (Hf, Nb, Mo, Ta, Ti, V, W, and Zr), and the ab-initio calculated EFA values are 

provided. Nine candidate systems were experimentally synthesized, and the experiments 

validated the prediction of the phase from the EFA.  

In 2018, Harrington et al.26 have selected the candidate compositions for synthesis of 

high entropy and stabilized carbides from the ab initio entropy descriptor, EFA63 and synthesized 

twelve different high entropy transition metal carbides. They concentrated a systematic study on 

the phase stability and mechanical properties of HEC synthesized from group IV, V and VI metal 

carbides. The phase stability has been analyzed and found that it depends on a trade off between 

enthalpy and entropy. Mechanical properties are also examined in terms of hardness and elastic 

modulus. The high entropy transition metal carbides result significantly enhanced hardness over 

the weighted average binary constituent carbides. Nine of the twelve compositions are 

determined to be a single phase at a high temperature over 2400K. Their study explores that 

these materials great potentials of a new composition space in ceramics that may lead to 

improved Ultra High Temperature Ceramics (UHTCs).  

 

 

 

 

 

 



 

 

11 

 

1.2 Molecular Dynamics Simulations 
 

Molecular dynamics (MD) simulation is a useful computer simulation method that calculates 

atoms and molecules physical movement. MD method is based on the classical mechanics by 

numerically solving Newton’s equations of motion and determines the positions of the particles 

by discrete time integration. It generates the information at the atomistic level of the system. To 

calculate a trajectory, an initial state is needed sufficiently with the atom positions as coordinate 

and momenta. Forces acting on every atoms are obtained by deriving equations, the force field, 

where potential energy is deduced from the molecular structure.65–70 The system total energy is 

divided into a potential energy and a kinetic energy and it should be conserved. The kinetic 

energy is the sum of kinetic energies due to the all particles’ motion. The potential energy is 

calculated based on the selected potentials. Potential functions are obtained from three different 

methods, i.e., empirical, semi-empirical, and ab-initio, that based on the degree of electron states 

approximation.  

The interatomic potentials are divided into pair potentials and many-body potentials. 

Lennard-Jones and Columbic are the pair potentials which are non-directional and are used for 

the non-bonded system. If electrostatics between the atoms are significant, Columbic interactions 

need to include with atomic charges. A periodic boundary condition is applied in order to keep 

particles near the simulation box surface with an imaginary replica of the same simulation box.  

Significant computation time can be saved by neglecting pair interactions beyond a cut-off and 

long range interactions. Some of examples of many body potentials are the Stillinger-Weber 

potential71, EAM72,73, Tersoff74,75, ReaxFF76, and COMB77,78. Usually, many body potentials 

consider to be more accurate, but higher usage of computer time.  
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We have used an open source software modeling code from Sandia National Laboratories 

which is called Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) for our 

simulations.79 In this dissertation, the phonon thermal conductivity of J14 systems is calculated 

using equilibrium molecular dynamics (EMD) with Green-Kubo method.80–82 There are two 

molecular dynamics, equilibrium (EMD) and non-equilibrium (NEMD) are widely used to 

predict the thermal conductivity in a solid structure.83–85 NEMD is required the temperature 

gradient to calculate the thermal conductivity, and it might contain nonlinear effects.82 Even 

though both EMD and NEMD have finite size effects, it occurs much more severe in NEMD 

because of the presence of interfaces at the heat source and sink.86 Moreover, EMD is more 

useful for the systems with periodic boundary conditions since EMD predicts the thermal 

conductivity in all directions at one simulation, whereas NEMD is needed the thermal gradients 

for every direction.86 

The Green-Kubo is an useful formula to study the transport phenomena and the thermal 

conductivity is determined from integrating the autocorrelation function of the heat current of a     

system in thermodynamic equilibrium simulations of atomic systems.87 The thermal conductivity 

is calculated in EMD as a result of the fluctuation dissipation and linear response theorem.86 

Local fluctuation dissipates are considered as perturbations to the local thermal equilibrium since 

there is no external disturbance. The local fluctuation heats the atom and in the equilibrium 

states, the heat flow in a system of particles fluctuates around zero. All atoms are having the 

same energy level and converges which means to have no energy exchange between atoms. The 

heat flux vectors and their correlations, the Heat Auto-Correlation Functions (HACF), decays to 

zero with the time and used through the Green-Kubo relations.  Green-Kubo theorem relies on 

relating the integral of the autocorrelation function of the heat current J(t) in equilibrium. 
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Figure 1.4 Time dependence of the heat auto correlation function in J14, J14+Sc and MgO at 

300K. 

 

 

For the case of heat transport, the thermal conductivity from Green-Kubo formula is expressed 

by,  

k𝑖𝑗 =  
1

𝑉𝐾𝐵𝑇2 ∫ < 𝐽𝑖
𝜏

0
(0)𝐽𝑗(𝑡) > 𝑑𝑡                            (1.2.1)       

 

where k is the thermal conductivity, V is the system volume, KB is the Boltzmann’s constant, T 

is the temperature, τ is the time needed for HACF decay, i,j is x, y, or z directions, Ji(0) and Jj(t) 

are the instantaneous heat flux in the j direction at time zero and in the i direction at time t. Total 

heat current in the system is  
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                                                               𝐽 (𝑡) =  ∫ 𝑗(𝑥, 𝑡)𝑑𝑥                                                  (1.2.2) 

 

where j(x,t) is the heat flux density.  

The figure 1.4 shows the corresponding HACF decay to indicate the thermal conductivity 

convergence. In this dissertation, the heat flux is obtained with the Buckingham potential for the 

short range interaction and the Ewald summation method for the long range interaction. The 

details of the system potentials will be discussed later chapter.  

 

1.3 Density Functional Theory 
 

Density Functional Theory (DFT) is one of the standard computational tools in 

condensed matter, chemistry, and biochemistry in academia and industry. It provides 

descriptions of electronic structure and enables to perform the calculation of total energies and 

forces for the structure, thermodynamics and kinetics prediction.  

Many body Schrodinger equation is the fundamental equation in a quantum mechanics. 

The linear partial differential equation describes the wave function of coordinates of all electrons 

and ions to predict structural, electronic, optical, vibrational, and thermodynamic properties of 

molecules, surfaces and bulk materials.  

The many body wavefunction represents the coordinates in the configuration space of 

electrons, becomes a function of 3N variables that are nuclear, electronic and mixed. Practically, 

the many body Schrodinger equation is not tractable to solve the properties of many materials 

with even today’s supercomputer powers.  

The variational principle is a basic technique used to solve the Schrodinger equation. The 

Born-Oppenheimer approximation assumes that the nuclei moves limitedly in a fixed position 
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while the electrons are relaxed to their position, since the nuclei is a lot heavier than the 

electrons. So, it simplifies the Hamiltonian into three parts: the kinetic energy of electrons, the 

potential between electrons and the nucleus, and the potential between electrons. The electronic 

wave function is independent from the nuclear coordinate and needs to be solved. However, 

solving the electronic wave function using the existing several methods, such as the Hartree-

Fock method requires massive computational effort and disregards the correlation energy 

between electrons.  

Hohenberg and Kohn88 developed the ground state of an interacting electrons gas in an 

external potential which there exists a universal functional of the electron density F[n(r)]. This 

means that it applies to all electronic systems in their ground state no matter what the external 

potential is.  However, Hohenberg-Kohn demonstrated a theory of the electronic ground state in 

two limiting cases: 1. a nearly constant density, and 2. slowly varying density, which actual 

electron systems do not belong either of cases.  

In the following year, Kohn and Sham89 developed the approximation method for treating 

an inhomogeneous system of interacting electrons. Kohn-Sham equation generates the same 

electron densities of the many electron and single electron systems, since the approximation 

replaces the many electron Schrodinger equation with a single non interacting particle expression 

in the single electron orbitals and an effective potential. The Kohn-Sham kinetic energy of non 

interacting particles is expressed in terms of the Kohn-Sham orbitals by a Slater determinant. All 

unknowns in the Kohn-Sham approach is mapped in the exchange-correlation potential.  

Even though the Kohn-Sham equation is grouped the all unknowns into the exchange-

correlation functional, it is a challenge to solve the exchange-correlation functional as a function 

of electron density. The exchange-correlation functional is certain in the case of uniform electron 
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gas. The properties of the uniform electron gas purely depend on the constant electronic density 

at the ground state. So, there was an approach to assume that the unknown functional is the same 

to the uniform electron gas where the electron density is a uniform quantity. This approach is 

called Local Density Approximation (LDA). In addition to approximate the local electron 

density, how the electron density varies in space needs to be considered in an approximation for 

more sophisticated systems. This approach is known as the Generalized Gradient Approximation 

(GGA).  

Once the exchange-correlation approximation has been properly selected, the Kohn-Sham 

equation can be solved. There can be an approximation applied for the systems having the large 

number of electrons because it causes huge computational power. This approximation considers 

only the valence electrons for electronic interactions with the fixed core electrons. The valence 

electrons can only relax in the calculations. This method is called pseudopotentials. The 

calculations in density functional theory became greatly faster giving fairly similar results as the 

those using full electron potentials.     

The Kohn-Sham wave function is decomposed in the plane wave basis set. From Bloch’s 

theorem90,91, the periodic function at each k-point can be expanded in an infinite number of plane 

wave functions. The plane waves with small kinetic energies are more important than those with 

large kinetic energies because lower kinetic energies have much larger contribution to the overall 

energy. The cut off energy is used to truncate the plane wave expansion. The total energy 

convergence test is necessary in order to validate the cut off energy for the systems.  

DFT calculations of the high entropy carbides in this study were performed using Vienna 

Ab initio Simulation Package (VASP).92–94 It is one of the computational software that uses DFT 

to solve the quantum problem for the materials. The pseudopotential and the exchange and 
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correlation functionals are implemented in VASP. All systems are computed in a periodic 

boundary condition and VASP uses a plane wave basis set is used to solve the Kohn-Sham wave 

function.  In this thesis, the calculations were carried out using plane wave PAW pseudopotential 

method94,95 and the generalized gradient approximation as parameterized by Perdew et al.96 was 

used for the exchange-correlation potential. The calculation details will be explained in the later 

chapters.  

The metals of the high entropy oxides and carbides are randomly distributed. The 

disordered metal elements in these solid solutions are modelled with the Special Quasi-random 

Structure (SQS) method.97 The Alloy Theoretic Automated Toolkit (ATAT)98,99 is used to 

generate SQS structures. Basic idea of creating SQS is to build a periodic structure of a small 

number of atoms per unit cell that meets the correlation function for the first few nearest 

neighbor shells are close to those of a target random alloy as possible. Generally, interactions 

between far located neighbors are contributing little to the system energy compare to between 

near neighbors. Therefore, a SQS can be considered as the best possible structure representing a 

given randomness.  
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2.1 Abstract 
 

It is shown using classical molecular dynamics simulations that phonon scattering from 

disorder in the interatomic forces introduced by charge transfer and not from mass disorder is 

needed to explain the thermal conductivity reduction measured experimentally that accompanies 

the addition of a sixth cation to the entropy stabilized oxide J14 (Mg0.1Co0.1Ni0.1Cu0.1Zn0.1)O0.5). 

The simulations were performed on five entropy-stabilized oxides, J14, and J14 plus Sc, Sn, Cr 

or Ge in equi-molar cation proportions. Comparing the simulation results to predictions from the 

Bridgeman equation using properties from the simulations suggest that despite phonon scattering 

from disorder in both atomic forces and mass, the thermal conductivity for these systems is still 

above an analytical limit for an amorphous structure.  
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2.2 Introduction 
 

High entropy alloys can be defined as having a composition of five or more 

approximately equimolar principle elements that are randomly arranged on a crystalline lattice.1–

3 These materials were developed primarily within the metal alloy community, where it was 

recognized that they could be designed such that mixing entropy is a major contributor to 

stability. Inspired by that work, Rost et al. demonstrated the solid state and vapor synthesis of a 

new class of high entropy material, entropy stabilized oxides, in which the cation sublattice in a 

rocksalt structure is randomly populated by five elements.4 Following this seminal paper, several 

other high-entropy ceramics have been reported that have mixed single 

component/multicomponent sublattices.5–13  

The original rocksalt composition studied by Rost et al.4, termed J14, was 

(Mg0.1Co0.1Ni0.1Cu0.1Zn0.1)O0.5. This choice of composition satisfied several criteria thought to be 

important for both promoting and proving entropy stabilization. These criteria included similar 

formal charges and ionic radii, limited immiscibility for some of the binary pairs and some of the 

lowest energy binary oxide structures not being rocksalt. For example, the wurtzite rather than 

the rocksalt structure is most stable for ZnO. Subsequent studies demonstrated that other 

elements can be introduced into the J14 cation sublattice at equimolar concentrations that do not 

necessarily have radii and formal charges similar to the ions in J14. These elements include Sc, 

Cr, Sb, Ge, Sn, Li, Ga and Ca.5,6,14  

Bader charges from Density Functional Theory (DFT) calculations have been used to 

probe how charge is compensated with the addition of Sc (+3 oxidation state) or Li (+1 oxidation 

state) into the J14 cation sublattice.15 It was found that adding Sc reduces a majority of Cu 
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cations and a few Co and Ni cations, while adding Li oxidizes some of the Co cations as well as 

some Ni and Cu cations. DFT has also been used to validate conclusions based on EXAFS data 

that a majority of the lattice distortion in J14 is taken up by the oxygen sublattice,16 and that the 

Cu may show Jahn-Teller distortions involving axial expansion or contraction depending on the 

relative positions of the Cu cations in the lattice.17  

Being an electrical insulator with relatively large mass disorder, J14 should have a 

relatively small thermal conductivity that is dominated by phonon heat transport. Recent 

experimental measurements by Braun et al. have confirmed this expectation,18 but also revealed 

an unanticipated trend. Traditional heat transport theory suggests that mass scattering should 

saturate by the addition of the five distinct cations at equimolar concentrations within a high-

entropy oxide,19 yet experimental measurements showed that the thermal conductivity of J14 is 

further (and substantially) reduced by the addition of a sixth cation – Sc, Sn, Cr or Ge – in an 

equi-molar proportion. Molecular dynamics simulations using Lennard-Jones potentials 

suggested that disorder in the inter-atomic forces can potentially explain the further drop in 

thermal conductivity in these systems,19–21 a result that is supported by scattering theory and 

further analysis of the experimental data.18 Lennard-Jones potentials, however, are not in general 

a good approximation to forces in oxides, which are dominated by long-range Coulombic forces, 

and therefore the physical origin of any inter-atomic force disorder is unclear from these studies.  

In this paper we report the results from a series of molecular dynamics simulations of 

J14, and J14+Sc, Sn, Cr or Ge using the Green-Kubo method22–24 for calculating phonon-

mediated thermal conductivity. The simulations use a Buckingham potential energy function plus 

Coulombic electrostatic forces from atom-centered fixed partial charges. To model the 

randomness introduced by the charge transfer predicted by DFT within the disordered system, 
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the partial charges were assigned to DFT Bader charges.15 The remaining parameters in the 

Buckingham potential were taken unmodified from a literature potential for MgO.25 The 

simulations show a decrease in thermal conductivity with the introduction of a sixth cation in 

J14, in agreement with experiment. Furthermore, by manipulating the masses and charges in the 

simulations, it is shown that while both mass and charge disorder can lower the thermal 

conductivity with addition of a sixth cation, the thermal conductivity lowering can be largely 

reproduced with disorder in interatomic forces from the charges without an accompanying mass 

disorder. We also show that when parameterized to the simulations, thermal conductivities from 

the Bridgman equation, which has been used for ionic liquids where scattering lengths are of the 

order of inter-atomic distances,26 are significantly lower than those from the MD simulations. 

This result suggests that the thermal conductivities of these entropy stabilized oxides are still 

above an amorphous limit for these systems.  

 

2.3 Methodology 
 

Molecular dynamics simulations were carried out using the LAMMPS modeling code27 

with thermal conductivity calculated using the Green-Kubo method.22–24 The interatomic 

potential was modeled using a pair sum of an exponential-6 function plus long-range Coulomb 

interactions of the form 

 

U =  ∑ ∑ [𝐴𝑖𝑗 exp (−
𝑟𝑖𝑗

𝜌
) −  

𝐶𝑖𝑗

𝑟𝑖𝑗
6 +

𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗
]𝑁

𝑗=𝑖+1
𝑁−1
𝑖=1                                     (2.3.1)    
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where N is the total number of atoms, ρ is a parameter, rij is the distance between atoms i and j, 

and Aij, and Cij are parameters that depend on atoms i and j, and qi is the charge centered on atom 

i. The charges were set equal to the Bader charges from DFT calculations on supercells as 

described below. The other parameters Aij, ρ and Cij, for the short ranged repulsive interactions 

were taken unmodified from a literature potential that was parameterized to model MgO 

structure and thermal-mechanical properties, including the experimental room temperature lattice 

constant, thermal expansion coefficient and bulk modulus.25 The Bader charge from the DFT 

calculations on MgO was +/- 1.7q, which is the same charge reported in reference 25 from their 

fitting procedure. This interatomic potential model allows us to capture not only the randomness 

of the atomic masses, but also the randomness of the oxygen and cation charges (including 

charge transfer) as given by DFT.  

The DFT calculations were carried out on supercells that were sufficiently large to allow 

a random population of cations on the face-centered cubic sublattice within the rocksalt structure. 

For the MD simulations, these supercells were replicated with corresponding periodic boundaries 

to create larger systems. The DFT supercells contained 240 oxygen anions and 240 cations. 

There are 8 atoms in the rocksalt unit cell, which was replicated 3X4X5 to make a 480 atom 

supercell with equimolar metal contents. The arrangement of the latter was generated using the 

special quasi-random structure algorithm.28 J14 has five different cations so that each DFT unit 

cell had 48 of each cation type. The other compositions contained six different cation types and 

therefore 40 of each type in the DFT unit cell. The DFT calculations were carried out using plane 

wave PAW pseudopotential methods as implemented in VASP29–33. The computational 

parameters are described in detail in reference15. The atom positions were held fixed on a 
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rocksalt lattice while the total energy was minimized with respect to lattice constant. The final 

atom positions and calculated Bader charges for each DFT supercell are given in the appendix.  

The MD simulations used 4x4x4 replicates of the DFT unit cells for a total of 30720 

atoms. For the MD simulations the potential energy was first minimized with respect to atom 

positions and lattice constant, followed by equilibration at zero pressure and 300 K for 32 

picoseconds using the Nose-Hoover method with a 4 fs time step.34,35 After equilibration, the 

equations of motion were integrated at constant energy for 20 ns, over which heat current 

autocorrelation functions were generated for calculating thermal conductivity. Based on the 

decay of the autocorrelation functions and the change in calculated thermal conductivity with 

simulation time, it was determined that this procedure produces converged values of both 

properties.  

 

2.4 Simulation Results and Discussion 
 

Given in Table 2.1 and plotted in Figure 2.1 are thermal conductivities measured 

experimentally18, calculated from the MD simulations, and given by the Bridgeman equation 

discussed below. Both the experiment and MD simulations show a roughly order of magnitude 

drop in thermal conductivity for J14 compared to MgO, with a further but less dramatic drop 

with the addition of a sixth cation to J14. For the experiment, the latter is reduced from 3 W/m-K 

to an average of about 1.6 W/m-K, a drop of about 50%. The corresponding reduction from the 

MD simulations is from 4.9 W/m-K to an average of 3.2 W/m-K, or a drop of about 35% from 

the simulated thermal conductivity of J14.  
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Figure 2.1 Thermal conductivities for the various compositions from experiment, from the MD 

simulations, and from the Bridgeman equation. 
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Table 2.1 Thermal conductivity from experiment, simulations, and the Bridgeman equation 

discussed below. a reference 25; b reference 18.  

                                        
  

To better understand the origin of the thermal conductivity drop with the addition of a 

sixth cation, additional MD simulations were carried out in which atomic mass and charge were 

manipulated so that their effects on thermal conductivity could be delineated and compared. 

Three additional cases were studied for each composition, one in which the masses were kept the 

same but the charges on the oxygen and on the cations were replaced with their respective 

average charges, one in which the charges from the DFT calculations were kept constant but the 

atomic masses were replaced with a single mass that gives a reduced mass that matches the 

reduced mass of the original system, and one in which both the charge and mass are replaced 

with their average charge and a single mass that produces the reduced mass of the original 

system, respectively. These cases are referred to as homogeneous charge/heterogeneous mass 

(HMC/HTM), heterogeneous charge/homogeneous mass (HTC/HMM), and homogeneous 

charge/homogeneous mass (HMC/HMM), respectively. The thermal conductivities from MD 

simulations for each of these systems, plus the original system, heterogeneous 

charge/heterogeneous mass (HTC/HTM), are given in Table 2.2 and plotted as histograms in 
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Figure 2.2. Values of the homogeneous charge and mass used in the simulations are also given in 

Table 2.2. From Table 2.2 and Figure 2.2 it is clear that heterogeneity in either mass or in charge 

alone lowers the thermal conductivity from the HMC/HMM systems for all compositions, and of 

the two, charge heterogeneity has the largest influence on reducing thermal conductivity. 

Furthermore, for each composition, charge heterogeneity without mass heterogeneity reduces 

thermal conductivity to a value equal (or very close) to that for heterogeneity in both mass and 

charge. In other words, the effects of phonon scattering from heterogeneity in the mass and in the 

charge are not additive, and the latter makes a larger contribution to the reduction in thermal 

conductivity that occurs with the addition of a sixth cation to J14.  

 

Table 2.2 Thermal conductivities using different combinations of homogeneous charge (HMC), 

heterogeneous charge (HTC), homogeneous mass (HMM) and heterogeneous mass (HTM). 

 

 

 

 

 

 

Sample 

 

Thermal conductivity (W/m·K) Average 

Charge 

Average 

Mass HTC/HMM HTC/HTM HMC/HTM HMC/HMM 

J14 4.9 4.9 5.7 11.5 1.285 47.09 

J14+Sc 2.9 2.9 7.6 15.0 1.333 46.72 

J14+Sn 3.0 2.6 4.3 9.8 1.299 52.35 

J14+Cr 3.9 3.5 5.7 11.4 1.283 47.84 

J14+Ge 4.3 3.7 4.9 9.9 1.284 50.02 
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Figure 2.2 Data from Table 2.2 plotted as histograms. 
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Additional insight can be obtained from further analysis of the data in Figure 2.2. Adding 

Sc to J14 and considering mass scattering only (i.e. comparing the HMC/HTM samples for J14 

and J14+Sc) the lighter mass of Sc causes the thermal conductivity to increase with Sc addition 

to J14. This is despite any enhanced phonon scattering from the added mass disorder. In contrast, 

considering only scattering from charge disorder (i.e. comparing the HTC/HMM samples for J14 

and J14+Sc), the extra charge scattering from adding Sc with a +3 oxidation state15 (together 

with the associated reduction of the other ions) overwhelms the mass effect, and the thermal 

conductivity of J14 decreases with Sc addition. 

Adding Cr to J14 does not significantly change the average mass or charge of J14. 

Consequently, in Figure 2.2, the thermal conductivities of the HMC/HMM systems for J14 and 

J14+Cr are very close to one another. In addition, the thermal conductivities of the HMC/HTM 

systems for the two compositions are the same, implying that any additional phonon scattering 

from the added mass disorder with the addition of Cr is negligible. In contrast, adding Cr to J14 

results in a HTC/HMM and a HTC/HTM model that has a lower thermal conductivity than the 

corresponding systems for J14. In other words, despite having close to the same average charge, 

the enhanced phonon scattering from additional charge disorder results in the reduction of 

thermal conductivity with addition of Cr to J14.  

Adding Sn to J14 slightly increases the average charge and increases the average mass of 

J14; the latter should act to decrease the thermal conductivity while the former should increase 

the thermal conductivity (c.f. Fig. 2.3). Adding Ge to J14 makes a much smaller change in 

average charge, relative to the other additions, and a somewhat smaller increase in mass. Figure 

2.2 indicates that the thermal conductivity of the HMC/HMM systems for addition of Sn or Ge 

are very similar, and both are lower than the equivalent systems for addition of Sc or Cr. Like the 
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other systems, disorder in charge is more effective for scattering phonons than mass disorder 

based on the thermal conductivities of the HTC versus HTM systems.  

 

Figure 2.3 Dependence of thermal conductivity calculated from MD simulations on the averaged 

mass and average charge used in the J14 HMC/HMM system. 

 

 

 

 

 

 



 

 

39 

 

The results and analysis presented here for adding a sixth cation to J14 provides new 

insight into a prior experimental study that measured the thermal conductivity of entropy-

stabilized oxides, and confirm the conclusion from a prior simulations that used Lennard-Jones 

pair potentials that phonon scattering from variations in interatomic forces are needed to explain 

the drop in thermal conductivity measured experimentally for the addition of a sixth cation to 

J14.20 At the same time, the present work has provided some new insights; for example, without 

phonon scattering from the interatomic forces, addition of Sc to J14 would likely have increased 

thermal conductivity because of its lighter mass.  

 

2.5 Bridgman Equation 
 

To gain additional insight into the results of the MD simulations reported here, the 

thermal conductivity for each composition was also calculated using the Bridgman equation. 

This equation has been used for ionic liquids where scattering lengths are of the order of inter-

atomic distances;26 hence it represents an analytic limit of an amorphous structure for ionic 

materials. This equation gives the thermal conductivity 𝑘 as a product of the density ρ, heat 

capacity cv, unidirectional mean molecular speed vy and lattice spacing a 

                                                                𝑘 =   ρ𝐶𝑉𝑉𝑦𝑎.                                                  (2.5.1) 

For our calculations vy is taken as the sound speed, which is approximated as the 

longitudinal sound speed given by the square root of the bulk modulus divided by the density, 

and the interatomic spacing is taken as (V/N)1/3. The bulk moduli were calculated using the 

second derivative of a polynomial fit to the potential energy as a function of volume for each 

system after relaxation of the atom positions and periodic boundaries with respect to potential 
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energy. The heat capacities were calculated from the variance in the potential energy during the 

MD simulations as described above. Like the MD simulations, because the interatomic potentials 

have not been specifically fit to the J14 and related compositions, the calculations are not 

intended to be quantitative. Instead, by parameterizing the Bridgeman equations to the MD 

systems, these calculations are used to quantify how close our model approximates an 

amorphous limit.  

 

Table 2.3 Properties from MD simulation used to estimate thermal conductivity via Eq. (2) c 

reference 36; d reference 37; e reference 38 

 

 Bulk Modulus 
(GPa) 

Cv 
(J/mol.K) 

Sound Speed 
(km/s) 

MgO 268 c(215)  26.8 d(36.8)  8.66 e(9.1)  

J14 235 24.5 6.24 

J14+Sc  331 24.5 7.71 

J14+Sn 183 24.3 5.49 

J14+Cr 239 24.9 6.35 

J14+Ge 282 24.0 7.18 
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Given in Table 2.3 are the calculated properties for each model system that are used in 

the Bridgeman equation, the experiment values.36,37,38 The calculated thermal conductivities are 

given in Table 2.1 and Figure 2.1. The thermal conductivities from the Bridgeman equation are 

similar for all compositions, and significantly lower than those given by the MD simulations. 

Hence, we conclude that while the addition of a sixth cation to J14 lowers the thermal 

conductivity largely due to enhanced scattering from charge disorder, the systems are still above 

this amorphous scattering limit.  

 

2.6 Conclusion 
 

Classical molecular dynamics simulations have been used to characterize the influence of 

mass and charge disorder on the phonon-mediated thermal conductivity of five entropy stabilized 

oxides, J14 with composition (Mg0.1Co0.1Ni0.1Cu0.1Zn0.1)O0.5, and J14 plus Sc, Sn, Cr or Ge in 

equi-molar cation proportions. By manipulating the mass and the atom-centered charges used in 

the Coulombic contribution to the potential energy, it was shown that the phonon scattering from 

disorder in atomic charges that enter the interatomic potential can explain prior experimental 

results that show a lowering of thermal conductivity with addition of a sixth cation to J14. A 

comparison of thermal conductivities from the MD simulations to predictions from the 

Bridgeman equation using properties from the simulations suggest that despite the added phonon 

scattering from disorder in mass and atomic forces, the thermal conductivity is still above an 

analytic limit for an amorphous system.  
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Supplementary Material 

See Appendix A for the final atom positions and calculated Bader charges for each DFT supercell. 
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3.1 Abstract 
 

Using Density Functional Theory calculations, this paper addresses two questions: (1) to 

what degree can the properties of high entropy carbides created by equi-molar combinations of 

five of the eight refractory metals Hf, Nb, Mo, Ta, Ti, V, W, and Zr be predicted from their 

respective binary compounds, and (2) are there relationships between the properties of the binary 

compounds corresponding to a given HEC composition and the value of that composition’s 

entropy forming ability (EFA). For the former question, it is shown that lattice constant, binding 

energy, bulk modulus, average carbon vacancy formation energy (CVFE) and the energy 

difference between the Fermi Level and the pseudo-gap () in the electronic Density of States are 

well approximated by binary carbide averages. To address the second question, correlations are 

explored between binary properties and the EFA of all 56 5-metal combinations. Correlations are 

found between EFA and the standard deviation of the distribution of bulk moduli and  of the 
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constituent binaries. Two models are explored for predicting CVFEs; both use the weighted 

averages of binary properties that correspond to the near-neighbor environment of the missing 

carbon atom. The first uses binary CVFEs, while the second uses a linear relation between CVFE 

and  that is derived from the binary compounds. Using the latter expression to calculate the 

CVFEs for all possible environments in each of the 56 compositions, it is shown that there is a 

correlation between the standard deviation of the CVFEs for each HEC and the EFA of that 

composition. This result supports the EFA as a central quantity for estimating properties of 

HECs beyond phase stability.  

 

3.2 Introduction 
 

High entropy ceramics, including oxides1–10 diborides11–14 and carbides,15–20 have 

recently emerged as a new material class with potentially important structural and functional 

applications. Like their more-established cousins the high entropy metal alloys,21,22,31,23–30 these 

materials are typically defined by five or more components in roughly equi-molar proportions, 

homogeneously distributed on a single crystal lattice. To be thermodynamically stable, the free 

energy of the entropic phase must be lower than those of the intermediate phases formed from 

different constituent combinations. The number of possible combinations is very large, which 

combined with the dearth of thermodynamic data for multiple components has made the 

prediction of stable high entropy materials challenging.  Alternatively, empirical relations 

involving e.g. the distribution of atomic radii have been developed that are similar to the Hume-

Rothery rules traditionally used for alloys.11,32–35 In the case of ceramics, where charge transfer 

and electro-static bonding may play a large role in chemical bonding, such approaches quickly 

become complicated.36  
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Curtarolo and co-workers recently introduced a first-principles based method for 

predicting the entropy forming ability (EFA) of a composition and lattice, and used this method 

to predict the synthesizability of 56 rocksalt high-entropy carbides (HECs) formed by equi-molar 

combinations of five of the set of eight refractory metals Hf, Nb, Mo, Ta, Ti, V, W, and Zr.37 The 

predictions for the HECs involved calculating energies for a collection of possible geometrical 

configurations of each individual equi-molar composition containing five metals. The EFA was 

then taken as the inverse of the standard deviation of the energy spectrum of the configurations 

relative to the lowest energy subsystem. Nine of these structures were synthesized, and the 

presence of single or multiple phases, as determined from x-ray and related analysis, was 

compared against the first principles predictions. These nine compositions and their experimental 

phase stability are given in Table 3.1. In each case, the EFA correctly predicts the presence or 

absence of multiple phases. 

 

Table 3.1 Composition abbreviations used in this paper and phase stability from reference [37]. 

 

 

 

 

 

 

 

 

 

Abbreviation Composition Phase Stability 
HEC3 Hf, Nb, Ta, Ti, Zr Single Phase 

HEC4 Hf, Nb, Ta, Ti, V Single Phase 

HEC5 Nb, Ta, Ti, V, W Single Phase 

HEC6 Hf, Mo, Ta, W, Zr Multiple 

Phases 
HEC7 Hf, Ta, Ti, W, Zr Single Phase 

HEC8 Hf, Mo, Ti, W, Zr Multiple 

Phases 
HEC9 Hf, Nb, Ta, Ti, W Single Phase 

HEC10 Hf, Mo, V, W, Zr Multiple 

Phases 
HEC16 Mo, Nb, Ta, V, W Single Phase 
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In this paper, we further analyze the properties of these nine compositions using Density 

Functional Theory (DFT) calculations. This paper focuses on two questions: (1) to what degree 

can the properties of these HECs be predicted from their respective binaries, and (2) are there 

relationships between the properties of the binary compounds that correspond to a given HEC 

composition and the value of that composition’s EFA. For the former question, we find that 

lattice constant, binding energy, bulk modulus, average carbon vacancy formation energy 

(CVFE) and the energy difference between the Fermi Level and the pseudo-gap () in the 

electronic density of states are all well approximated by averages of the constitutive binary 

carbides. To address the second question, we use the binary averaging to calculate properties of 

all 56 possible compositions and look for correlations between these properties and the EFA of 

the corresponding HECs. Significant correlations are not found between the averages or the 

standard deviations of the cohesive energies or lattice constants of the binaries that correspond to 

the constituents of each composition. The lack of a correlation between EFA and lattice 

constants is surprising given that relative atomic radius has been used as a relatively simple 

prediction of phase stability in other high entropy structures. Correlations were found, however, 

between the EFA and the standard deviation of the distribution of bulk moduli and the standard 

deviation of the distribution of  values for the constituent binaries (correlations were also found 

between  and bulk modulus).  

Building on these results, we explore two models for predicting CVFEs. This first uses 

the weighted average of the binary CVFEs that correspond to the near-neighbor environment of 

the missing carbon atom. The second uses a linear relation between the weighted average of the 

binary  values that corresponds to the near-neighbor carbon atom environment and CVFE that is 

derived from the binary compounds. Finally, using this expression to calculate the CVFEs for all 
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possible environments in each of the 56 compositions, it is shown that there is a correlation 

between the standard deviation of the CVFEs for each HEC and the EFA of that composition. 

This result supports the EFA as a central quantity for estimating properties of HECs beyond 

phase stability. The paper ends with comments regarding the shapes of the calculated CVFE 

distributions, as well as some implications for bonding that come from the correlation strengths. 

 

3.3 Computational Method 
 

The DFT supercells used for the high entropy compositions and binary carbides 

contained 40 carbon atoms and 40 metal atoms on the two face-centered cubic sublattices of the 

rocksalt structure, respectively, with the latter containing equal numbers of five different atom 

types arranged on their sublattice using the special quasi-random structure (SQS) algorithm.38 

The calculations were carried out using plane wave PAW pseudopotential methods3940 as 

implemented in the Vienna Ab initio Simulation Package.40–42  The generalized gradient 

approximation as parameterized by Perdew et al.43 was used for the exchange-correlation 

potential. The energy of the system was minimized with respect to atom positions and lattice 

constant. A cut-off energy for the plane wave basis was set to 520 eV, and convergence was 

assumed when the energy difference between two consecutive self-consistent cycles was less 

than 2 meV with the Г-centered 3 X 3 X 3 points. For graphite, the hexagonal structure was used 

with 80 carbons in the unit cell. The Brillouin-zone was sampled by Г-centered 8 X 8 X 1 k 

points.  

Illustrated in Fig. 3.1(a) is an example density of states from the DFT calculations. The 

pseudo-gap, taken as the energy corresponding to the left arrow, separates bonding from anti-

bonding states in the carbides. The energy difference between this and the Fermi energy (the 
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arrow to the right), an energy difference denoted here as , along with the electron density 

between these two energies, the Valence Electron Concentration (VEC), are well-established as 

important quantities for determining properties of these materials.44–51 Plotted in Fig. 3.1(b) is the 

VEC versus  for each of the binaries and HECs studied here. Because there is a linear 

relationship between these two quantities, rather than use both the VEC and  for the analyses 

below, we use only the latter, because it is a more straight-forward quantity to obtain from the 

density of states. 

 

 

 

 

 

 

 

 

 

 

 

 

The CVFE is taken as the difference between the energy of the DFT unit cell and the 

DFT unit cell missing a carbon atom, minus the energy of a carbon atom in graphite, taken as 

7.97 eV/atom based on the DFT calculations. The latter uniformly shifts the CVFEs and does not 

change the range in energies. For each SQS cell a CVFE is calculated for each of the 40 carbon 

atoms by removing a single carbon atom one at a time. Hence the calculations correspond to a 

Figure 3.1 Electronic properties of the HECs. (a) Example Density of States from the 

DFT calculations. The arrow to the left denoted the pseudo-gap between bonding and 

anti-bonding states. The right arrow indicates the Fermi level. The different between 

the two is denoted as , while the shaped region is the Valence Electron Concentration. 

(b) Graph illustrating the linear dependence for VEC and  for the binary carbides and 

the HECs. 
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composition of (cation)1C0.975. Furthermore, the calculations on the HECs are intended to be a 

sampling of random sites, and do not correspond to the most probable or lowest energy sites for 

missing C atoms in these structures. 

 

3.4 HEC Properties 
 

Summarized in Table 3.2 are the properties of the binary carbides in a rocksalt structure 

as given by the DFT calculations. For WC and MoC (indicated by a star) this structure is not the 

experimentally observed phase at room temperature but is used here for the sake of comparison. 

The cohesive energy is defined as the energy needed to separate the crystals into individual 

atoms at infinite separation; it is taken as the difference between the DFT energy for the relaxed 

unit cells and the sum of the energies for the isolated atoms. Experimental values for the bulk 

modulus and lattice constant are given in the parenthesis for the structures that are observed 

experimentally at ambient conditions.  
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Table 3.2 Properties of the binary carbides in a rocksalt structure calculated from DFT. 

Compositio

n 

(rocksalt) 

Cohesive 

Energy 

(eV/atom) 

CVFE (eV) 

Bulk 

Modulus 

(GPa) 

Lattice 

Constant (A) 
 

(eV) 

HfC 8.07 2.34  241 (242)a  4.65 (4.64)b  0.00338 

MoC* 6.94 0.13 348 4.37  2.65 

TaC 8.71 1.34 317 (344)a 4.48 (4.45)c   1.42 

TiC 7.44 1.41 245 (233)d 4.33 (4.33)d 0.0508 

ZrC 7.78 2.08 222 (265)b 4.67 (4.70)b 0.07 

WC* 7.83 0.87 350 4.39 3.13 

NbC 8.07 0.97 288 (300)a  4.48 (4.47)b  1.82 

VC 6.75 1.52 300 (303)b  4.16 (4.16)b  1.32 

*Experimental structure at ambient conditions is not rocksalt  

aReference 52 , breference 53, creference54 , dreference55  
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Table 3.3 Properties of the HECs calculated from DFT. 

            

Composition 

(rocksalt) 

Cohesive 

Energy 

(eV/atom) 

Lattice 

Constant (nm) 

Bulk Modulus 

(GPa) 

 Average 

CVFE 

(eV/atom) 

 

 (eV) 

  DFT Binary DFT Binary DFT Binary DFT  Binary DFT Binary 

HEC3 8.1 8.01 4.53 4.49 266 263 1.76  1.63 0.88 0.67 
HEC4 7.9 7.81 4.43 4.42 280 279 1.37  1.52 1.01 0.92 
HEC5 7.89 7.76 4.38 4.37 323 300 1.05  1.22 1.77 1.55 
HEC6 7.97 7.86 4.52 4.52 286 296 1.31  1.35 1.64 1.45 
HEC7 8.09 7.97 4.51 4.48 280 275 1.48  1.61 1.11 0.93 
HEC8 7.74 7.61 4.48 4.49 275 282 1.19  1.37 1.26 1.18 
HEC9  8.12 8.02 4.47 4.43 284 289 1.38  1.39 1.48 1.28 
HEC10 7.6 7.48 4.47 4.44 278 292 1.02  1.39 1.56 1.43 
HEC16 7.75 7.66 4.38 4.37 325 320 0.81  0.97 2.1 2.07 

            
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

55 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Plots of the properties of the nine HECS in Table 3.1 calculated as 

averages of the constituent binaries as a function of the same properties calculated 

from DFT. 
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Summarized in Table 3.3 and plotted in Fig. 3.2 are the cohesive energies, lattice 

constants, bulk moduli, average CVFEs and  for the 9 HEC compositions in Table 3.1. Values 

are given from the DFT calculations on the 80-atom supercell as described above, and by 

averaging the data from the binaries in Table 3.2. In each case averaging the binary properties is 

a reasonable approximation to the results of the full DFT calculations. For the lattice constant, 

the largest difference is 0.04Å  or 0.88% for HEC3, while for the bulk modulus the largest 

difference between the values is 23 GPa, or 7.1%, for HEC5. The compositions with the largest 

deviation between the DFT values and the binary averages are different for each of these 

properties, so that there are no obvious compositions for which this averaging is particularly 

inaccurate. For the bulk moduli, the binary averages both over- and underestimate the DFT 

results, while for the lattice constants the binary averages either match or slightly underestimate 

the DFT results, with the exception of HEC8, where the DFT result is slightly below the binary 

average. In contrast, the binary approximation underestimates the DFT cohesive energy, i.e. the 

enthalpy of the HECs relative to the isolated atom limit is greater than what would be expected 

based on the respective binaries. For the CVFEs, the DFT calculations generally yield values that 

are smaller than those expected based on the binaries, meaning for most compositions there 

should be slightly more vacancies in the HEC compared to what would be expected from the 

binaries. The exception is HEC3, where the DFT average is slightly larger than the value from 

the average the CVFE’s of the binaries. Distributions of CVFEs are discussed more in Sections 

3.6 and 3.7.  For , the averages of the binaries are consistently lower than the direct DFT 

results, but with a clear correlation.  

Plotted in Fig. 3.3 are the values of the first four quantities in Table 3.3 given by the DFT 

calculations as a function of  (also from the DFT calculations) for each of the HECs. The lines 
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correspond to least squares linear fits. Based on the correlation coefficients given in the plots, the 

strongest correlations with  are for the average CVFE and the bulk modulus. The latter has been 

discussed previously in the literature.56–59 The next strongest correlation with  is the lattice 

constant, followed by cohesive energy.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Properties in Figure 3.2 calculated 

from DFT as a function of  for each of the 

HEC compositions in Table 3.1. R2 is the 

linear correlation coefficient for each plot. 

 



 

 

58 

 

Given in Table 3.4 are the average carbon-metal bond lengths as well as the difference 

between the shortest and largest bond lengths for each HEC composition broken down by 

component. Also given are the bond lengths for the binaries calculated from the data in Table 

3.1. The average bond length across the HECs is 2.23Å , which is close to the average of 2.22Å  

for the binaries. However, the bond lengths for the binaries range from 2.08Å  for V-C to 2.36Å  

in Zr-C for a range of 0.28Å . When incorporated into the HECs, these bonds still define the 

range in the average bond lengths (the second row of data in Table 3.4), but for the 

configurations studied here the range in average bond lengths shrinks to 0.22Å . The 

compositions that could not be produced in bulk as single phases, HEC6, HEC8 and HEC10, all 

have bond lengths for a given component that differ by 0.28Å  or greater (these are bolded and 

underlined in Table 3.4). Each of these compositions contain a common four components, Hf, 

Mo, W and Zr. For HEC6 and HEC8, the largest variation in bond length is for the W-C bond, 

followed by the Mo-C bond. For HEC10, the largest bond length variation occurs for the V-C 

bond, followed by the Mo-C and then the W-C bond. Hence it appears from this data that the 

range in bond length for a given element may be an indicator of phase stability in the HECs, with 

a threshold somewhere between 0.37Å  and 0.46Å .  

 

3.5 Correlating Binary Properties with the EFA 
 

As shown in the previous section, a number of bulk HEC properties can be calculated 

with reasonable accuracy as averages of the binary compounds whose constituents compose the 

HECs. These averages can in turn be used to estimate these properties for all 56 HEC 

combinations studied previously by Curtarolo37 and co-workers. As mentioned above, one of the 
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goals of this study is to identify relationships between the properties of the binary compounds 

that correspond to a given HEC composition and the value of that composition’s EFA. 

Plotted in the left side of Figures 3.4 (a)-(e) are lattice constants, cohesive energies, bulk 

moduli, average CVFEs, and  values for each of the 56 HEC compositions taken as the averages 

of the binary compounds as a function of the EFA for that composition as reported by 

Curtarolo37 and co-workers. Plotted to the right side of each figure is the standard deviation of 

each of these quantities for the binaries that correspond to the composition of each HEC as a 

function of the EFA. For each plot, the red and green circles correspond to the multi- and single-

phase compositions listed in Table 3.1, respectively, while the solid lines are a least squares fit to 

the data with the R2 value for each line also given in the plot. Based on this data, there is little 

correlation between the averaged HEC properties and the EFA. Furthermore, for most of these 

properties there is little correlation between the standard deviations in binary properties and the 

EFA. The exceptions are the bulk modulus and , where smaller standard deviations generally 

reflect a higher EFA. This correlation is somewhat surprising given prior studies have used 

differences in bond lengths11 or enthalpies37 to predict phase stability. This is discussed more in 

Section 3.6.  

While a strong correlation between binary CVFEs and EFA is not apparent from the data 

plotted in Figure 3.4(d), we note that, in general, for the compositions that have been studied 

experimentally, those that form single phase structures have standard deviation values for the 

CVFE from their constituent binaries that are at or below about 0.6 eV. All three of the HEC 

compositions that formed multi-phases include Mo and Hf (see Table 3.1), which corresponds to 

the binaries with the smallest and largest CVFEs, respectively. Of the 56 total five-element 

compositions, there are nine more that contain Mo and Hf. Of these, four have EFAs of 7137, 
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which is well within the range of EFA values for which single phases are predicted. Additional 

experiments measuring the phase stability of these compositions are warranted to further validate 

the EFA as a strong indicator of phase stability.  

 

Table 3.4 Average carbon-metal bond lengths and the difference (Δ) between the shortest and 

largest bond lengths for each HEC composition broken down by component 

 

 

 

 

 

Composition Hf-C Ta-C Ti-C Zr-C W-C Nb-C Mo-C V-C 

(rocksalt) Ave (Δ) Ave (Δ) Ave (Δ) Ave (Δ) Ave (Δ) Ave (Δ) Ave (Δ) Ave (Δ) 

Binary 2.32 2.24 2.17 2.36 2.19 2.24 2.18 2.08 

Average  
2.27 

(0.04) 
2.22 

(0.05) 
2.21 

(0.05) 
2.30 

(0.03) 
2.21 

(0.04) 
2.23 

(0.05) 
2.23 

(0.05) 
2.18 

(0.04) 

HEC3 
2.29 

(0.08) 
2.25 

(0.11) 
2.23 

(0.11) 
2.31 

(0.07) - 
2.26 

(0.11) - - 

HEC4 
2.25 

(0.11) 
2.21 

(0.11) 
2.21 

(0.18) - - 
2.23 

(0.15) - 
2.18 

(0.21) 

HEC5 - 
2.21 

(0.10) 
2.18 

(0.10) - 
2.19 

(0.25) 
2.21 

(0.15) - 
2.16 

(0.34) 

HEC6 
2.28 

(0.15) 
2.24 

(0.20) - 
2.30 

(0.14) 
2.22 

(0.46) - 
2.25 

(0.23) - 

HEC7 
2.28 

(0.10) 
2.24 

(0.12) 
2.22 

(0.15) 
2.30 

(0.13) 
2.23 

(0.23) - - - 

HEC8 
2.27 

(0.13)  - 
2.21 

(0.18) 
2.30 

(0.13) 
2.21 

(0.48) - 
2.24 

(0.42) - 

HEC9 
2.26 

(0.09) 
2.22 

(0.11) 
2.21 

(0.14) - 
2.22 

(0.17) 
2.24 

(0.13) - - 

HEC10 
2.27 

(0.23) -  - 
2.28 

(0.16) 
2.20 

(0.37) - 
2.23 

(0.42) 
2.20 

(0.62) 

HEC16 - 
2.20 

(0.11) - - 
2.20 

(0.37) 
2.22 

(0.13) 
2.20 

(0.33) 
2.16 

(0.37) 
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3.6 Carbon Vacancy Formation Energies 
 

 

 

 

Figure 3.4 Average values (left column) and standard deviations 

(right column) plotted against EFA for the HEC compositions in 

Table 3.1. (a)-(e) refer to cohesive energy, lattice constant, bulk 

modulus, CVFE and , respectively.   
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The relationships discussed above have focused on the average of the 40 CVFE values 

that were calculated from the SQS structures for each HEC. These calculations are intended to be 

a representative sampling of vacancies with a random atom arrangement and constant 

stoichiometry, and do not necessarily represent the most probable carbon vacancies or 

stoichiometry. Five cation types arranged over six sites (the number of neighbors for each carbon 

atom) leads to 210 possible local compositions. Taking into account degeneracies of each of 

these compositions leads to 15,625 possible vacancy sites in a five cation HEC. Explored in this 

section is the degree to which the energies of individual CVFEs within a HEC can be estimated 

from properties of the binaries, and what these estimates imply regarding relationships between 

CVFEs and EFA for each of the 56 HEC compositions.  

Two methods were explored for estimating CVFEs from properties of the binaries; both 

assume that a CVFE depends only on the number and identity of different cation types within the 

first shell of neighbors. The first method assumes that a CVFE is just the weighted average of the 

binary CVFE’s that correspond to the composition of the first neighbor shell. The second method 

is based on the  values for the same binaries. Plotted in Fig. 3.5 is the CVFE for the binaries as 

function of their  value, along with the average CVFE for the HECs in Table 3.1 as a function 

of the DFT  for these same compositions. A linear fit is made to the binary data that has a 

correlation coefficient of 0.71. Apparent from the plot is that this fit is also a reasonably good 

description of the HEC values. To obtain a CVFE energy, the  values for the binaries that 

correspond to the cations in the first neighbor shell are averaged, and the CVFE is obtained from 

the linear expression in Figure 3.5.  

Plotted in Figure 3.6 are the CVFEs for the 40 carbon vacancies within each HEC SQS 

structure. The x axis corresponds to values from the DFT calculations on the 80-atom unit cells, 
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while the y axis corresponds to values obtained by the two methods. The open symbols are for 

the first method (averaging binary CVFE) while the closed symbols are for the second method 

(using averaged z values). The dashed line corresponds to exact agreement between the binary 

averages and the DFT results. The horizontal and vertical arrows denote the range of values 

between the lowest and highest binary CVFE from the components in each HEC. Given in Table 

3.5 is a summary of the accuracy and limitations of both methods.  

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Plot of the average CVFE’s for the HECs and binaries calculated from DFT as 

function of the  values for each, also calculated from DFT. 

 

Several trends are apparent from the data in Figure 3.6 and Table 3.5. First, in general the 

overall fit between the two methods is similar. For six of the nine compositions the second 

method has a smaller mean-squared error and is closer to the average for five of compositions (in 

two cases the two methods yield the same average values). However, the second method yields a 

standard deviation that is closer to that derived from the 40 CVFEs values for six of the nine 



 

 

64 

 

compositions. Second, not all of the CVFEs from the DFT calculations fall within the bounds 

defined by the binary CVFE values. For example, HEC4, HEC5, HEC7, HEC8, HEC9 and 

HEC16 all have values that are less than what would be expected based on the binaries (these are 

values to the left of the end of the horizontal arrows). Similarly, HEC5 has CVFEs that are larger 

than what would be expected. It is impossible for the first method to reproduce HEC CVFEs that 

do not fall within the range of binary values, while the second method can. In HEC5, for 

example, all of the open circles fall within the range of values defined by the vertical arrow, 

while the second method yields values outside of the range, similar to the DFT results. The net 

result is that the cluster of open circles for the HEC distribution is more horizontal than the 

cluster of closed symbols, and hence with less correspondence to the DFT values. Finally, from 

the data in Figure 3.4, the HECs that have been reported as not forming bulk single phases 

(HEC6, HEC8 and HEC10) have a larger range of CVFEs than those that readily form single 

phases. 
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Table 3.5 Properties of the two approaches used to calculate CVFEs.                                                                    

STDEV=standard deviation; MSE=mean squared error. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DFT (eV) Binary CVFE Average z function 

Ave 

(eV) 

STDEV 

(eV) 

Ave 

(eV) 

STDEV 

(eV) 

MSE 

(eV2) 

Ave 

(eV) 

STDEV 

(eV) 

MSE 

(eV2) 

1.76 0.13 1.63 0.21 1.28 1.64 0.17 1.26 

1.36 0.31 1.52 0.2 4.39 1.52 0.16 4.54 

1.03 0.28 1.22 0.1 4.18 1.22 0.2 2.78 

1.3 0.37 1.35 0.32 1.08 1.26 0.23 1.37 

1.49 0.28 1.61 0.22 1.48 1.51 0.24 0.89 

1.23 0.48 1.37 0.36 3.3 1.34 0.3 3.58 

1.37 0.31 1.39 0.24 1.37 1.4 0.23 1.23 

1.04 0.43 1.39 0.31 7.52 1.27 0.23 5.91 

0.79 0.29 0.97 0.2 3.07 0.96 0.13 2.81 
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Figure 3.6 CVFE’s for each composition in Table 3.1 calculated as either a weighted sum of the 

CVFE for the binaries that correspond to the environment surrounding the vacancy (open circles) 

or a function of the weighted sum of the  values from the same binaries (solid circles) as a 

function of the DFT energies. The arrows indicate the highest and lowest values of the CVFE’s 

of the constitutive binaries for each composition.  
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With these methods, the CVFEs for all possible local configurations can be estimated for 

all 56 compositions, and the statistical properties of these values can be explored for correlations 

with the EFA. Plotted in Figures 3.7(a) and 3.7(b) are the average and the standard deviation of 

CVFEs, respectively, based on the CVFEs of the binaries that correspond to that compositions 

(open symbols) or based on calculations for all possible CVFE sites including degeneracies 

(closed symbols) for each of the 56 compositions as a function of their EFA value. The second 

model, based on , was used for the calculations of all possible sites. There is clearly little to no 

correlation between the average CVFEs and EFA. However, there is a correlation between the 

distribution of CVFEs as measured by the standard deviation. This correlation is stronger (higher 

correlation coefficient) when using all of the CVFE values than when averaging strictly those for 

the corresponding binaries. The correlation between the range of CVFEs and the EFA suggests 

that the EFA may be useful for designing HECs beyond synthesizability, for example to control 

defects such as carbon vacancies.  
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Figure 3.7 CVFE properties from the constitutive binaries (open circles) and from the full 

distribution of all 15626 local compositions (solid circles) for all 56 compositions as a function 

of their EFA value. The full distribution values use the  model for calculating CVFEs. (a) 

Average CVFE values. (b) Standard deviation of the CVFE values.  

 

3.7 Discussion 
 

One of the chief purposes of this study was to explore and quantify the degree to which 

the properties of HECs can be related to the properties of their constitutive binaries. This is 

important because it helps to clarify what properties of the class of HECs studied here are 

unique, and which are similar to what would be expected from a rule of mixtures based on binary 

properties. In addition, there are several new insights that can be gleaned from these results.  

  From Fig. 3.3, there appears to be a stronger correlation between average CVFE and  

than there is between cohesive energy and . At a first approximation this seems counterintuitive 
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because both involve breaking bonds. However, in the case of forming a vacancy, there are other 

effects. Chief among these is the strengthening of bonds between those surrounding the vacancy 

and their remaining neighbors due to the presence of valence electrons that otherwise would have 

participated in bonding to the missing atom. The higher the VEC of the atoms surrounding a 

vacancy, the more opportunity for strengthening the remaining bonds. Hence the stronger 

correlation between CVFEs and  (as a surrogate for VEC). This same effect is also apparent in 

Fig. 3.5 for the binaries, where higher  values correspond to smaller CVFEs.  

Another interesting question arises from the additivity of  and the local electronic 

structure of each cation. Do cations in HECs retain a  that reflects that of the constitutive 

binary, or do the cations in a HEC all equilibrate to the same , as might be expected given that 

they are electrical conductors? To illustrate this issue, plotted in Figure 3.8 is the local density of 

states for the cations in their binaries (left column) and the local density of states for the same 

cations in HEC9 (right column). In the binaries, the  values for Hf and Ti are 0.00338 eV and 

0.0508 eV, respectively, while  for W, Ta and Nb are 3.13 eV, 1.42eV and 1.82eV, for an 

average value of 1.28eV. For all of the cations in this HEC, the same  value of 1.48 eV occurs 

as taken from the local density of states.  

Finally, the analysis above established a correlation between the standard deviation of the 

distribution of all CVFEs (as given by the model that used  values) and the EFA for a given 

composition. However, no other information regarding the distributions was discussed. Plotted in 

Fig. 3.9 are histograms of the CVFE energy distributions given by the  model for all 56 

compositions (black lines). Also plotted are Normal distributions with the same average and 

standard deviation of the CVFE’s (gray lines). For some distributions, like that shown for the 

composition with an EFA of 125 (HEC16), the CVFE and corresponding Normal distribution are 
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similar. For other compositions, however, the CVFE distribution has well-separated peaks that 

do not resemble the corresponding Normal distribution. The distribution for the composition 

with an EFA of 38 (HEC8), for example, has a CVFE distribution with seven separated clusters 

of values (including the short cluster at about 0.5 eV). In addition, the number of sites associated 

with each of two lowest energy clusters, centered at about 0.5 eV and 0.7 eV, are larger than 

what would be expected for a Normal distribution. Hence there are additional features of the 

CVFE distributions beyond the average and spread of values that are important when considering 

carbon vacancies.  
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Figure 3.8 Partial density of states for the cations in the binaries and in HEC9. The , which vary 

widely in the binaries, equilibrate to the same value of 1.28 eV in the HEC. 
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Figure 3.9 Distributions of the 15,625 CVFEs for each of the 56 compositions, denoted by their 

EFA value. The black histogram bars are calculated from the function of constitutive  values. 

The grey histogram bars correspond to a Normal function with the same average and standard 

deviation as the black bars. 
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3.8 Conclusions 
 

This paper focused on two questions: (1) to what degree can the properties of HECs be 

predicted from their respective binaries, and (2) are there relationships between the properties of 

the binary compounds that correspond to a given HEC composition and the value of that 

composition’s EFA. It was found that lattice constant, binding energy, bulk modulus, average 

CVFE and average  are all well approximated by averages of the constitutive binary carbides. 

Binary averaging was then used to calculate properties of all 56 possible compositions, and using 

these properties, correlations were discovered between the EFA of a given composition and the 

standard deviation of the distribution of bulk moduli and  of the constituent binaries. Two 

simple expressions were also developed from which individual CVFEs can be estimated from the 

local environment of the missing carbon atom. One method uses the weighted averaging of the 

binary CVFEs that correspond to near-neighbor vacancy composition, while the second uses a 

linear relation between the weighted average of the  of the binaries in the local environment of 

the missing carbon atom and the CVFE. Using this expression to calculate the CVFEs for all 

possible environments in each of the 56 compositions, it was shown that there is a correlation 

between the standard deviation of the CVFEs for each HEC and the EFA of that composition. 

This result supports the EFA as a central quantity for estimating properties of HECs beyond 

phase stability.  

It was also shown that the distributions of CVFEs in these HECS may not be Normal 

depending on the composition, and that there may be additional analysis of these distributions 

that could lead to better correlations with EFA and additional insight into the point defect 

properties of these materials.  
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Chapter 4. Understanding the electronic structure of 

high entropy carbides by first principle study 
 

4.1 Introduction 
 

High entropy materials are known as a single phase crystalline which stabilized by 

entropic contributions. Their superior properties like high strength1234, ductility3,5,6,hardness1,7,8, 

and superconductivity9 to conventional ceramics or metals are reported and highlighted. Started 

from the study of the high entropy alloys, entropy concept has been extended to entropy 

stabilized oxides10111213, high entropy borides14, and high entropy carbides15–17. The latter 

ceramic classes also offer remarkable thermo mechanical properties and the higher oxidation 

resistance.18 Especially, the high entropy carbides have great potentials for thermal protection 

coatings with the resistance to extreme heat1920 and oxidation15. Understanding their thermal and 

electronic transport behavior would be open new possibilities to improve the performance of 

thermoelectric materials.  

Recently, Sarker et al21 introduced the ab initio entropy descriptor that is called the 

Entropy Forming Ability (EFA) of a composition and lattice using a first principle study for the 

high entropy carbides (HECs). The formation of single phase high entropy carbides is 

systematically evaluated by the energy distribution spectra of the structures that are generated by 

Automatic FLOW (AFLOW) partial occupation (AFLOWPOCC) method.22 They have used 

equi-molar combinations of five of the set of eight transition metals Hf, Nb, Mo, Ta, Ti, V, W 

and Zr and generate a total of 56 five-metal composition carbides. Nine candidate systems were 

experimentally synthesized, and the experiments validated the prediction of the phase from the 

EFA. Harrington et al.23 synthesized the twelve of these predicted 56 structures and compared 
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the phases and analysis against the first principles predictions. The phase comparison with single 

or multiple phases from the experiment confirms that the EFA is correctly predicted the HECs 

phases. They focused on a systematic study on the phase stability and mechanical properties of 

HEC synthesized from group IV, V and VI metal carbides. Nine of the twelve compositions are 

determined to be a single phase at a high temperature over 2400K. Mechanical properties are 

also examined in terms of hardness and elastic modulus. The high entropy transition metal 

carbides result significantly enhanced hardness over the weighted average binary constituent 

carbides.  

In this chapter, we further analyze the electrical properties of the nine high entropy 

carbide compositions. These nine compositions and their phase stability are given in Table 3.1. 

The knowledge of the electronic structure is performed by Density Functional Theory (DFT), 

and the electronic transport properties, i.e. electrical conductivity, of high entropy carbides and 

the corresponding binaries are calculated with the constant relaxation time using the semi-

classical approach provided by the Boltzmann transport theory.24252627 The electronic transport 

data of the binary carbides and the nine HECs is obtained by BoltzTraP27 and DFT.  

 

 

4.2 Computational Method 
 

The DFT supercells used for the high entropy carbide compositions and binary carbides 

contained 40 carbon atoms and 40 metal atoms on the two face-centered cubic sublattices of the 

rocksalt structure, respectively, with the latter containing equal numbers of five different atom 

types arranged on their sublattice using the special quasi-random structure (SQS) algorithm.28 

The calculations were carried out using plane wave PAW pseudopotential methods29,30 as 

implemented in the Vienna Ab initio Simulation Package (VASP).30–32  The generalized gradient 
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approximation as parameterized by Perdew et al.33 was used for the exchange-correlation 

potential. The energy of the system was minimized with respect to atom positions and lattice 

constant. A cut-off energy for the plane wave basis was set to 520 eV, and convergence was 

assumed when the energy difference between two consecutive self-consistent cycles was less 

than 2 meV with the Г-centered 22X11X4 points.  

The BoltzTraP code solves Boltzmann equation3425 by interpolating the electronic band 

structure that computed from DFT. The data of the crystal structure and the electronic band 

structure are needed as inputs to run BoltzTraP. Practically, the electronic energies for each k 

points calculated by the DFT are used to interpolate the bands based on a Fourier expansion and 

compute the Fermi integrals for different temperatures and Fermi level.35363738 The Boltzmann 

transport equation can be derived by considering how a distribution function changes in time, 

and solving the Boltzmann transport theory with the knowledge of the band structure will 

provide an assessment of the electronic transport tensors.2627 The BoltzTraP code has been 

verified in many different applications such as superconductors39 and thermoelectric 

materials.404142 The output values from the BoltzTraP code have shown good agreement with the 

experimental values.4344 We examine the electronic properties obtained by the electronic 

energies, band structure from the DFT calculation and BoltzTraP within the constant relaxation 

time approximation. 

 

4.3 Results 
 

Summarized in Table 4.1 are the calculated electrical conductivity over the relaxation 

time for the eight binaries and the nine high entropy carbides in a rocksalt structure as given by 

the DFT and BoltTraP calculations and the comparison to the experiment reference values of the 

binaries for the validation. Experimental values for the electrical conductivity are given in the 
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parenthesis for the binary carbides. Figure 4.1 is the calculated electrical conductivity over the 

relaxation time as function of the experimental electrical conductivity values. It represents that 

our calculations and the experimental values are quite linearly related. For consistency, we 

compare the calculation values with the relaxation time. Summarized in Table 4.2 and plotted in 

Figure 4.2 are the number of electrons at the Fermi level like +/- 0.1 and 0.2 eV and the electrical 

conductivity over the relaxation time (σ/τ) of the eight binary carbides and the nine high entropy 

carbides in a rocksalt structure as given by the DFT and BoltTraP calculations. The range of the 

energy is selected from the Fermi Dirac function that the electrons most contribute to the 

transport properties.  

 

Table 4.1 Composition the calculated σ/τ and the experimental electrical conductivity of the 

binaries. 

  Calculated σ/τ 

TiC 1.42E+20 (1.00E+06) a  

VC 2.01E+20 (1.45E+06) a 

ZrC 2.86E+20 (2.32E+06) b,c 

NbC 2.94E+20 (2.00E+06) d 

MoC 2.76E+20 (1.75E+06) a 

HfC 3.01E+20 (3.09E+06) e 

TaC 3.06E+20 (3.33E+06) f 

WC 4.93E+20 (5.88E+06) a 

 
a Reference45, b,c Reference46,47, d Reference48, e Reference49, f Reference50 
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Figure 4.1 The calculated electrical conductivity over the relaxation time for the binaries as 

function of the experimental electrical conductivity. 

 

The density of states (DOS) of each binary and HEC systems are integrated in the range 

of +/- 0.1 and 0.2 eV in order to count the number of electrons. The σ/τ is not following the 

number of electrons. MoC has the largest number of electrons at both +/- 0.1 and 0.2 eV, 9.59 

and 19.54, respectively, but the σ/τ is not the highest. WC has the third highest number of 

electrons, but having the highest σ/τ. Also, HfC has the lowest number of electrons, the σ/τ is the 

second highest. Our results show the number of electrons and the electrical conductivity are not 

acting proportionally. Interestingly, all the HECs have lower σ/τ than all eight binaries. TiC has 

the lowest σ/τ in binaries, and all HECs have lower σ/τ than TiC. Black line in the figure 4.2 

indicates that all σ/τ of the HECs are laying below the lowest σ/τ value of TiC. With this finding, 

we can predict a guideline of the electrical conductivity of HECs based on the knowledge of the 

corresponding binaries’ ones. 
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Table 4.2 The number of electrons at the Fermi level and the electrical conductivity over the 

relaxation time of the binary carbides and the HECs calculated from DFT and BoltzTraP. 

  

The number of electrons at 

the Fermi level 
Calculated 

σ/τ 
+/- 0.1 eV +/- 0.2eV 

TiC 2.32 4.74 1.42E+20 

VC 9.07 18.31 2.01E+20 

ZrC 2.36 4.89 2.86E+20 

NbC 5.60 11.82 2.94E+20 

MoC 9.57 19.54 2.76E+20 

HfC 2.17 4.45 3.01E+20 

TaC 4.51 10.11 3.06E+20 

WC 7.62 16.36 4.93E+20 

HEC3 4.39 9.02 7.18E+19 

HEC4 5.99 11.86 3.76E+19 

HEC5 6.63 13.22 6.75E+19 

HEC6 5.31 10.97 9.71E+19 

HEC7 5.07 9.80 6.15E+19 

HEC8 6.30 12.05 4.66E+19 

HEC9 5.35 10.40 5.79E+19 

HEC10 6.47 13.52 3.74E+19 

HEC16 7.61 15.17 4.43E+19 
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Figure 4.2 The comparison of the number of the electrons at the Fermi level near +/- 0.1 eV and 

the calculated electrical conductivity over the relaxation time for the binaries and HECs. 

 

The density of states (DOS) is calculated to investigate the electronic structure in HECs 

and the binaries. Figure 4.3 is summarized the DOS of all HECs and the eight binaries. The DOS 

of HECs and the corresponding binaries are superimposed and the peaks in the HECs and the 

binaries are matched. It is shown that the electronic structure in metals in HECs keeps their 

binary metal characterization within the mixture of five metal compositions. 
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Figure 4.3 The Density of States (DOS) of HECs and the respective binaries are superimposed. 
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To further understand the details of the electronic structure, we also explored the partial 

density of states (PDOS) of HECs and binaries near the Fermi level. The PDOS in Fig 4.4 revels 

the nature of the orbital hybridization of each element in HECs near the Fermi level at E=0. 

Mainly transition metal d orbitals hybridized with the orbital contribution of Carbon 2p around 

the Fermi level. It leads to the more metallic character and exhibiting covalent bond 

characteristics of HECs. The PDOS of all the binary carbides are shown in Fig 4.5 and the total 

DOS of each carbide is also formed by hybridization of d orbital in transition metals and 2p in 

carbon. From the Fig 4.4 and 4.5, the HECs and the eight binary carbides have similar electronic 

properties and the interaction between d orbitals of the metals and p orbitals of carbon 

determines the DOS. Overall, we observed strong covalent bonds with metallic characteristics in 

HECs and binaries.   

Figure 4.6 is the comparison of the number of the electrons between the average of the 

binaries and the HECs. The number of electrons is reasonably well approximated from their 

respective binaries. It applies a possibility that the number of electrons of HECs can be predicted 

from the binaries. More quantitative study is performed comparing the sum of electrons in 

binaries to the electrons in HECs in the energy range at -15 eV to 5 eV and summarized in Fig 

4.7. Electrons in binaries are divided by 5 because one kind metal with 40 atoms exist in 

binaries, on the other hand, HECs have 40 metal atoms distributed to the five different metals. 

Next, we interpolate the energy range and the number of electrons in order to sum the electrons 

in binaries and compare the total electrons in HECs in the consistent energy range. The electrons 

in HECs and the sum of binaries are plotted in Fig 4.7 and well overlapped on top of each other. 

The results from the rule of mixture and the DOS analysis are consistent and we can predict the 

electrons in HECs from their respective binaries. 
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Figure 4.4 The Partial Density of States (PDOS) of nine HECs. 
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Figure 4.5 PDOS of eight respective binary carbides. 
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Figure 4.6 Prediction of the number of the electrons of HECs from their respective binaries at 

the Fermi level near +/- 0.1 eV 
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Figure 4.7 Comparison of the number of electrons between HECs and the respective binaries 

average.   
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4.4 Conclusion 
 

             DFT and BoltzTraP calculations were used to characterize the electronic properties of nine 

HEC compositions, and the binary carbides that correspond to the composition of each HEC. 

Electrical conductivity, and the electronic structure were determined. The number of electrons in 

HECs are well predicted from the averages of their respective binaries. But, the electrical 

conductivity and the number of electrons is not significantly correlated. In general, the electrical 

conductivity in all HECs is lower than the lowest in the binary carbide, TiC. This finding can 

provide a guideline to predict electrical conductivity in HECs with known binary carbides.  

            From the density of states study, we found that the metal peaks in HECs and the respective 

binaries are shown mostly in the same energy range. This finding suggests that the electronic 

structure in HECs remains the same from the binaries with adding more metals in the structure. 

The PDOS reveals that HECs have strong covalent bonds with metallic characterization from d 

orbitals in transition metals hybridization with 2p in carbons. Based on this analysis, we can use 

the number of electrons in binaries to predict the ones in HECs. Understanding its electronic 

structural characteristics can further broaden our understanding of its properties and lead to future 

applications.  
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Chapter 5. Conclusion and Future work 

In this dissertation, we explored the thermal and electronic properties of the high entropy 

oxides and carbides using the computational modelling. The molecular dynamics (MD) 

simulations and the Density Functional Theory (DFT) were applied to calculate the properties of 

those materials.  

 In the first part, classical molecular dynamics simulations have been used to characterize 

the phonon thermal conductivity of J14 with composition (Mg0.1Co0.1Ni0.1Cu0.1Zn0.1)O0.5, 

and J14 plus Sc, Sn, Cr or Ge in equi-molar cation proportions. Our results show that the thermal 

conductivity is reduced by adding 6th metal component. We have manipulated the mass and the 

atom-centered charges used in the Coulombic contribution to the potential energy. It was shown 

that the phonon scattering from disorder in atomic charges can explain the prior experiment 

results lowering the thermal conductivity with addition of a sixth cation to J14. Also, the 

comparison from the Bridgeman equations suggest that the thermal conductivity is still above the 

analytic limit for an amorphous system even though the phonon scattering is added from disorder 

in mass and atomic charges.  

The properties of the high entropy carbides are investigated in the second and third part of 

this dissertation. In the second part, two aspects are explored. First one is to what degree can the 

properties of HECs be predicted from their respective binaries. Second one is focused on whether 

there are relationships between the properties of the binary compounds that correspond to a given 

HEC composition and the values of that composition’s EFA. Average of the constitute binary 

carbides results good approximations of lattice constant, bulk modulus, average the cohesive 

energies and  and binding energy of corresponding HEC composition. The properties of all 56 

possible compositions were calculated from the binary averaging and the correlations were found 
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between the EFA of a given composition and the standard deviation of the distribution of bulk 

moduli and  of the respective binaries. Also, it was shown that a correlation between the standard 

deviation of the CVFEs for each HEC and the EFA of that composition exist. Therefore, our result 

supports the EFA as a central quantity for estimating properties of HECs beyond phase stability. 

The electrical properties of HECs are investigated in the third part. The DOS indicates that 

the electronic structure of HECs remains the same as the binary. The PDOS analysis proves that 

the HECs are having a strong covalent bond with metallic characterization and keeping the similar 

characteristics of the binaries as well. The number of electrons of each HEC is well predicted from 

the electrons in the constituent binaries. Our result showed that even though the number of 

electrons is not proportionally influencing the electrical conductivity of the binaries and the HECs, 

it can be useful as a guideline to predict the limit of the electrical conductivity of the HECs from 

the known binary carbides.  

Overall, the molecular dynamics simulations and the density functional theory study 

enhance our understanding of properties of the high entropy oxides and carbides in the microscopic 

scale. Our findings support the experimental results and highlight the importance of these high 

entropy ceramics. There are still numerous opportunities for further study on this topic. Since there 

are gap existing between experiments and computational simulations in exact system conditions 

like sizes, timescales and potentials. Using proper potentials to the system is always a challenge 

for the computational simulations study. In this dissertation, we also have used the approximated 

potentials for both the high entropy oxides and carbides. Applying potentials that more closely 

represent the systems is inevitable to provide more detailed information closer to the experimental 

systems. To fully reproduce an experiment environment and predict the properties, exploring 

potential close to the experiment elements can be suggested a future study for these high entropy 
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materials. In this work, we are focused on the phonon thermal conductivity behavior on the high 

entropy oxides. Other mechanical or electrical properties can be calculated and used to determine 

the correlations between the experimental results and the calculations for the future applications. 

In case of the high entropy carbides, we can suggest studying more about the physical origin from 

the correlations of the properties and the phase stability. We have studied the electronic properties 

of the high entropy carbides using DFT, but the phonon part of properties would provide improved 

understanding in depth and unfold the potentials of the high entropy carbides. Since the electrical 

conductivity is not well predicted from their binaries and is not correlated the number of the 

electrons, more studies for the electronic structures may be needed by starting with the exploring 

the band structures of each systems. Defects and grain boundary in the systems can be added to 

implement more experiment environment and studied to understand the role of defects. Lastly, we 

can also extend these computational techniques to more high entropy materials, i.e., nitrides, 

borides, and boron carbides, etc. 
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Appendix A 
A Final atom positions and Bader charges of J14 samples 

 

J14 

Atom 

type x y z 

Bader 

charge 

Mg 0.00 8.51 4.26 1.70 

Mg 0.00 12.77 4.26 1.70 

Mg 6.39 4.26 6.38 1.70 

Mg 10.64 8.51 6.38 1.70 

Mg 2.13 4.26 14.90 1.70 

Mg 8.51 12.77 4.26 1.70 

Mg 6.39 8.51 6.38 1.70 

Mg 2.13 0.00 6.38 1.70 

Mg 4.26 4.26 8.51 1.69 

Mg 6.39 6.38 8.51 1.69 

Mg 8.51 8.51 8.51 1.69 

Mg 0.00 12.77 8.51 1.69 

Mg 8.51 6.38 10.64 1.69 

Mg 0.00 10.64 10.64 1.70 

Mg 8.51 4.26 12.77 1.69 

Mg 10.64 4.26 14.90 1.70 

Mg 2.13 6.38 17.03 1.70 

Mg 8.51 0.00 4.26 1.70 

Mg 8.51 12.77 8.51 1.70 

Mg 10.64 14.90 8.51 1.70 

Mg 6.39 4.26 14.90 1.70 

Mg 10.64 6.38 17.03 1.70 

Mg 10.64 4.26 19.15 1.69 

Mg 0.00 6.38 19.15 1.69 

Mg 0.00 4.26 0.00 1.69 

Mg 4.26 14.90 6.38 1.70 

Mg 6.39 0.00 6.38 1.70 

Mg 6.39 14.90 8.51 1.69 

Mg 8.51 0.00 8.51 1.70 

Mg 0.00 2.13 10.64 1.70 

Mg 4.26 8.51 12.77 1.70 

Mg 8.51 10.64 14.90 1.70 

Mg 0.00 14.90 14.90 1.70 

Mg 8.51 8.51 17.03 1.70 

Mg 0.00 12.77 17.03 1.70 

Mg 4.26 12.77 12.77 1.70 

Mg 10.64 2.13 12.77 1.69 

Mg 4.26 10.64 14.90 1.70 
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Mg 10.64 14.90 17.03 1.70 

Mg 6.39 4.26 2.13 1.70 

Mg 10.64 8.51 2.13 1.70 

Mg 6.39 2.13 12.77 1.70 

Mg 6.39 14.90 17.03 1.70 

Mg 0.00 2.13 19.15 1.70 

Mg 4.26 6.38 2.13 1.70 

Mg 6.39 8.51 2.13 1.70 

Mg 6.39 12.77 2.13 1.70 

Mg 8.51 14.90 2.13 1.69 

Co 2.13 6.38 4.26 1.26 

Co 2.13 8.51 6.38 1.27 

Co 0.00 4.26 8.51 1.27 

Co 2.13 6.38 8.51 1.26 

Co 2.13 14.90 4.26 1.25 

Co 0.00 10.64 6.38 1.26 

Co 2.13 12.77 6.38 1.26 

Co 2.13 6.38 12.77 1.25 

Co 0.00 0.00 4.26 1.26 

Co 0.00 14.90 6.38 1.25 

Co 10.64 8.51 10.64 1.25 

Co 10.64 6.38 12.77 1.25 

Co 0.00 4.26 17.03 1.24 

Co 8.51 10.64 10.64 1.26 

Co 0.00 10.64 14.90 1.26 

Co 0.00 8.51 17.03 1.25 

Co 2.13 6.38 0.00 1.27 

Co 6.39 12.77 10.64 1.24 

Co 10.64 0.00 10.64 1.24 

Co 8.51 12.77 12.77 1.27 

Co 0.00 0.00 12.77 1.26 

Co 6.39 8.51 14.90 1.25 

Co 10.64 12.77 14.90 1.25 

Co 10.64 10.64 17.03 1.26 

Co 10.64 6.38 0.00 1.24 

Co 0.00 6.38 2.13 1.26 

Co 2.13 8.51 2.13 1.26 

Co 4.26 2.13 6.38 1.25 

Co 4.26 0.00 8.51 1.25 

Co 8.51 0.00 12.77 1.26 

Co 8.51 14.90 14.90 1.26 

Co 6.39 10.64 17.03 1.26 

Co 0.00 0.00 17.03 1.26 

Co 4.26 4.26 0.00 1.23 

Co 8.51 8.51 0.00 1.25 



 

 

117 

 

Co 10.64 10.64 0.00 1.26 

Co 0.00 10.64 2.13 1.25 

Co 4.26 2.13 10.64 1.24 

Co 6.39 12.77 19.15 1.27 

Co 2.13 0.00 2.13 1.27 

Co 4.26 0.00 17.03 1.27 

Co 4.26 14.90 19.15 1.26 

Co 8.51 2.13 19.15 1.26 

Co 6.39 14.90 0.00 1.25 

Co 8.51 0.00 0.00 1.25 

Co 10.64 0.00 2.13 1.26 

Co 6.39 0.00 2.13 1.26 

Co 8.51 2.13 2.13 1.26 

Ni 0.00 4.26 4.26 1.19 

Ni 2.13 10.64 4.26 1.19 

Ni 10.64 10.64 4.26 1.18 

Ni 8.51 6.38 6.38 1.18 

Ni 8.51 4.26 8.51 1.20 

Ni 10.64 4.26 10.64 1.22 

Ni 10.64 14.90 4.26 1.18 

Ni 4.26 6.38 6.38 1.17 

Ni 8.51 10.64 6.38 1.18 

Ni 2.13 12.77 10.64 1.24 

Ni 0.00 8.51 12.77 1.20 

Ni 2.13 8.51 14.90 1.18 

Ni 2.13 4.26 19.15 1.18 

Ni 10.64 0.00 6.38 1.19 

Ni 0.00 2.13 6.38 1.20 

Ni 2.13 2.13 8.51 1.18 

Ni 2.13 0.00 10.64 1.26 

Ni 4.26 4.26 12.77 1.20 

Ni 8.51 8.51 12.77 1.21 

Ni 0.00 12.77 12.77 1.21 

Ni 2.13 14.90 12.77 1.18 

Ni 2.13 4.26 2.13 1.19 

Ni 6.39 2.13 4.26 1.18 

Ni 8.51 2.13 6.38 1.19 

Ni 10.64 2.13 8.51 1.20 

Ni 4.26 10.64 10.64 1.25 

Ni 10.64 14.90 12.77 1.20 

Ni 4.26 6.38 14.90 1.17 

Ni 6.39 4.26 19.15 1.22 

Ni 0.00 10.64 19.15 1.19 

Ni 2.13 12.77 19.15 1.20 

Ni 4.26 14.90 10.64 1.24 



 

 

118 

 

Ni 6.39 0.00 10.64 1.24 

Ni 6.39 12.77 14.90 1.18 

Ni 0.00 2.13 14.90 1.18 

Ni 8.51 12.77 17.03 1.18 

Ni 6.39 8.51 19.15 1.21 

Ni 2.13 0.00 19.15 1.21 

Ni 4.26 0.00 12.77 1.22 

Ni 4.26 10.64 19.15 1.20 

Ni 10.64 14.90 0.00 1.25 

Ni 0.00 0.00 0.00 1.25 

Ni 2.13 2.13 0.00 1.24 

Ni 10.64 12.77 2.13 1.19 

Ni 0.00 14.90 2.13 1.20 

Ni 6.39 2.13 17.03 1.18 

Ni 6.39 0.00 19.15 1.19 

Ni 0.00 2.13 2.13 1.21 

Cu 8.51 4.26 4.26 1.10 

Cu 10.64 6.38 4.26 1.09 

Cu 10.64 4.26 6.38 1.13 

Cu 0.00 6.38 6.38 1.09 

Cu 6.39 6.38 4.26 1.08 

Cu 8.51 8.51 4.26 1.09 

Cu 10.64 6.38 8.51 1.08 

Cu 0.00 8.51 8.51 1.11 

Cu 4.26 8.51 4.26 1.08 

Cu 2.13 14.90 8.51 1.15 

Cu 6.39 4.26 10.64 1.15 

Cu 2.13 10.64 12.77 1.07 

Cu 4.26 12.77 4.26 1.10 

Cu 4.26 10.64 6.38 1.10 

Cu 6.39 12.77 6.38 1.09 

Cu 8.51 14.90 6.38 1.07 

Cu 6.39 10.64 8.51 1.08 

Cu 4.26 6.38 10.64 1.08 

Cu 6.39 8.51 10.64 1.02 

Cu 10.64 12.77 10.64 1.02 

Cu 10.64 10.64 12.77 1.08 

Cu 8.51 6.38 14.90 1.10 

Cu 10.64 8.51 14.90 1.11 

Cu 8.51 4.26 17.03 1.09 

Cu 2.13 10.64 17.03 1.10 

Cu 2.13 8.51 19.15 1.09 

Cu 4.26 12.77 8.51 1.06 

Cu 6.39 10.64 12.77 1.09 

Cu 2.13 2.13 12.77 1.09 



 

 

119 

 

Cu 2.13 0.00 14.90 1.10 

Cu 6.39 6.38 17.03 1.10 

Cu 2.13 14.90 17.03 1.10 

Cu 8.51 6.38 19.15 1.09 

Cu 0.00 8.51 0.00 1.03 

Cu 2.13 10.64 0.00 1.16 

Cu 10.64 4.26 2.13 1.10 

Cu 8.51 2.13 10.64 1.05 

Cu 2.13 2.13 17.03 1.10 

Cu 8.51 10.64 19.15 1.07 

Cu 6.39 6.38 0.00 1.03 

Cu 2.13 14.90 0.00 1.05 

Cu 8.51 0.00 17.03 1.09 

Cu 8.51 14.90 19.15 1.09 

Cu 10.64 0.00 19.15 1.09 

Cu 4.26 8.51 0.00 1.14 

Cu 6.39 10.64 0.00 1.16 

Cu 8.51 10.64 2.13 1.04 

Cu 4.26 10.64 2.13 1.10 

Zn 2.13 4.26 6.38 1.19 

Zn 2.13 4.26 10.64 1.20 

Zn 4.26 4.26 4.26 1.18 

Zn 2.13 10.64 8.51 1.18 

Zn 0.00 6.38 10.64 1.17 

Zn 2.13 8.51 10.64 1.16 

Zn 0.00 4.26 12.77 1.18 

Zn 6.39 10.64 4.26 1.18 

Zn 2.13 2.13 4.26 1.19 

Zn 10.64 12.77 6.38 1.17 

Zn 10.64 10.64 8.51 1.17 

Zn 0.00 6.38 14.90 1.17 

Zn 6.39 14.90 4.26 1.17 

Zn 10.64 2.13 4.26 1.19 

Zn 4.26 8.51 8.51 1.19 

Zn 0.00 0.00 8.51 1.18 

Zn 0.00 14.90 10.64 1.19 

Zn 6.39 6.38 12.77 1.18 

Zn 2.13 12.77 14.90 1.18 

Zn 4.26 0.00 4.26 1.17 

Zn 8.51 14.90 10.64 1.18 

Zn 4.26 4.26 17.03 1.18 

Zn 10.64 8.51 19.15 1.18 

Zn 8.51 4.26 0.00 1.16 

Zn 6.39 2.13 8.51 1.18 

Zn 6.39 14.90 12.77 1.19 



 

 

120 

 

Zn 10.64 0.00 14.90 1.18 

Zn 4.26 8.51 17.03 1.19 

Zn 4.26 6.38 19.15 1.19 

Zn 10.64 12.77 19.15 1.19 

Zn 0.00 14.90 19.15 1.18 

Zn 0.00 12.77 0.00 1.25 

Zn 8.51 6.38 2.13 1.19 

Zn 2.13 12.77 2.13 1.19 

Zn 4.26 14.90 14.90 1.18 

Zn 6.39 0.00 14.90 1.18 

Zn 8.51 2.13 14.90 1.17 

Zn 4.26 12.77 17.03 1.18 

Zn 10.64 2.13 17.03 1.18 

Zn 8.51 12.77 0.00 1.20 

Zn 4.26 2.13 14.90 1.18 

Zn 4.26 12.77 0.00 1.19 

Zn 10.64 2.13 0.00 1.15 

Zn 4.26 2.13 19.15 1.19 

Zn 4.26 0.00 0.00 1.21 

Zn 6.39 2.13 0.00 1.16 

Zn 4.26 14.90 2.13 1.19 

Zn 4.26 2.13 2.13 1.19 

O 10.64 2.13 2.13 -1.20 

O 0.00 4.26 2.13 -1.27 

O 0.00 2.13 4.26 -1.23 

O 6.39 2.13 2.13 -1.27 

O 8.51 4.26 2.13 -1.26 

O 10.64 6.38 2.13 -1.27 

O 0.00 8.51 2.13 -1.36 

O 8.51 2.13 4.26 -1.28 

O 10.64 4.26 4.26 -1.17 

O 0.00 6.38 4.26 -1.27 

O 10.64 2.13 6.38 -1.21 

O 0.00 4.26 6.38 -1.18 

O 0.00 2.13 8.51 -1.28 

O 2.13 2.13 2.13 -1.23 

O 4.26 4.26 2.13 -1.35 

O 6.39 6.38 2.13 -1.36 

O 8.51 8.51 2.13 -1.29 

O 10.64 10.64 2.13 -1.25 

O 0.00 12.77 2.13 -1.31 

O 4.26 2.13 4.26 -1.23 

O 6.39 4.26 4.26 -1.33 

O 8.51 6.38 4.26 -1.16 

O 10.64 8.51 4.26 -1.40 



 

 

121 

 

O 0.00 10.64 4.26 -1.39 

O 6.39 2.13 6.38 -1.39 

O 8.51 4.26 6.38 -1.27 

O 10.64 6.38 6.38 -1.24 

O 0.00 8.51 6.38 -1.35 

O 8.51 2.13 8.51 -1.24 

O 10.64 4.26 8.51 -1.24 

O 0.00 6.38 8.51 -1.17 

O 10.64 2.13 10.64 -1.34 

O 0.00 4.26 10.64 -1.25 

O 0.00 2.13 12.77 -1.34 

O 2.13 6.38 2.13 -1.32 

O 4.26 8.51 2.13 -1.33 

O 6.39 10.64 2.13 -1.31 

O 8.51 12.77 2.13 -1.44 

O 10.64 14.90 2.13 -1.32 

O 0.00 0.00 2.13 -1.25 

O 2.13 4.26 4.26 -1.23 

O 4.26 6.38 4.26 -1.26 

O 6.39 8.51 4.26 -1.29 

O 8.51 10.64 4.26 -1.26 

O 10.64 12.77 4.26 -1.38 

O 0.00 14.90 4.26 -1.33 

O 2.13 2.13 6.38 -1.31 

O 4.26 4.26 6.38 -1.37 

O 6.39 6.38 6.38 -1.40 

O 8.51 8.51 6.38 -1.41 

O 10.64 10.64 6.38 -1.31 

O 0.00 12.77 6.38 -1.37 

O 4.26 2.13 8.51 -1.29 

O 6.39 4.26 8.51 -1.43 

O 8.51 6.38 8.51 -1.42 

O 10.64 8.51 8.51 -1.36 

O 0.00 10.64 8.51 -1.33 

O 6.39 2.13 10.64 -1.25 

O 8.51 4.26 10.64 -1.30 

O 10.64 6.38 10.64 -1.25 

O 0.00 8.51 10.64 -1.24 

O 8.51 2.13 12.77 -1.42 

O 10.64 4.26 12.77 -1.46 

O 0.00 6.38 12.77 -1.20 

O 10.64 2.13 14.90 -1.35 

O 0.00 4.26 14.90 -1.39 

O 0.00 2.13 17.03 -1.27 

O 2.13 10.64 2.13 -1.22 



 

 

122 

 

O 4.26 12.77 2.13 -1.20 

O 6.39 14.90 2.13 -1.35 

O 8.51 0.00 2.13 -1.39 

O 2.13 8.51 4.26 -1.30 

O 4.26 10.64 4.26 -1.16 

O 6.39 12.77 4.26 -1.32 

O 8.51 14.90 4.26 -1.44 

O 10.64 0.00 4.26 -1.32 

O 2.13 6.38 6.38 -1.25 

O 4.26 8.51 6.38 -1.29 

O 6.39 10.64 6.38 -1.24 

O 8.51 12.77 6.38 -1.29 

O 10.64 14.90 6.38 -1.27 

O 0.00 0.00 6.38 -1.32 

O 2.13 4.26 8.51 -1.28 

O 4.26 6.38 8.51 -1.33 

O 6.39 8.51 8.51 -1.37 

O 8.51 10.64 8.51 -1.31 

O 10.64 12.77 8.51 -1.40 

O 0.00 14.90 8.51 -1.33 

O 2.13 2.13 10.64 -1.24 

O 4.26 4.26 10.64 -1.25 

O 6.39 6.38 10.64 -1.30 

O 8.51 8.51 10.64 -1.35 

O 10.64 10.64 10.64 -1.22 

O 0.00 12.77 10.64 -1.33 

O 4.26 2.13 12.77 -1.25 

O 6.39 4.26 12.77 -1.42 

O 8.51 6.38 12.77 -1.35 

O 10.64 8.51 12.77 -1.19 

O 0.00 10.64 12.77 -1.24 

O 6.39 2.13 14.90 -1.35 

O 8.51 4.26 14.90 -1.41 

O 10.64 6.38 14.90 -1.33 

O 0.00 8.51 14.90 -1.24 

O 8.51 2.13 17.03 -1.20 

O 10.64 4.26 17.03 -1.43 

O 0.00 6.38 17.03 -1.46 

O 10.64 2.13 19.15 -1.33 

O 0.00 4.26 19.15 -1.52 

O 0.00 2.13 0.00 -1.34 

O 2.13 14.90 2.13 -1.18 

O 4.26 0.00 2.13 -1.20 

O 2.13 12.77 4.26 -1.29 

O 4.26 14.90 4.26 -1.30 



 

 

123 

 

O 6.39 0.00 4.26 -1.38 

O 2.13 10.64 6.38 -1.22 

O 4.26 12.77 6.38 -1.20 

O 6.39 14.90 6.38 -1.43 

O 8.51 0.00 6.38 -1.40 

O 2.13 8.51 8.51 -1.17 

O 4.26 10.64 8.51 -1.17 

O 6.39 12.77 8.51 -1.29 

O 8.51 14.90 8.51 -1.50 

O 10.64 0.00 8.51 -1.35 

O 2.13 6.38 10.64 -1.16 

O 4.26 8.51 10.64 -1.23 

O 6.39 10.64 10.64 -1.13 

O 8.51 12.77 10.64 -1.27 

O 10.64 14.90 10.64 -1.24 

O 0.00 0.00 10.64 -1.26 

O 2.13 4.26 12.77 -1.31 

O 4.26 6.38 12.77 -1.24 

O 6.39 8.51 12.77 -1.23 

O 8.51 10.64 12.77 -1.26 

O 10.64 12.77 12.77 -1.18 

O 0.00 14.90 12.77 -1.32 

O 2.13 2.13 14.90 -1.26 

O 4.26 4.26 14.90 -1.38 

O 6.39 6.38 14.90 -1.27 

O 8.51 8.51 14.90 -1.34 

O 10.64 10.64 14.90 -1.31 

O 0.00 12.77 14.90 -1.38 

O 4.26 2.13 17.03 -1.21 

O 6.39 4.26 17.03 -1.29 

O 8.51 6.38 17.03 -1.31 

O 10.64 8.51 17.03 -1.37 

O 0.00 10.64 17.03 -1.30 

O 6.39 2.13 19.15 -1.19 

O 8.51 4.26 19.15 -1.28 

O 10.64 6.38 19.15 -1.42 

O 0.00 8.51 19.15 -1.25 

O 8.51 2.13 0.00 -1.19 

O 10.64 4.26 0.00 -1.32 

O 0.00 6.38 0.00 -1.35 

O 2.13 0.00 4.26 -1.31 

O 2.13 14.90 6.38 -1.38 

O 4.26 0.00 6.38 -1.47 

O 2.13 12.77 8.51 -1.30 

O 4.26 14.90 8.51 -1.35 



 

 

124 

 

O 6.39 0.00 8.51 -1.46 

O 2.13 10.64 10.64 -1.23 

O 4.26 12.77 10.64 -1.26 

O 6.39 14.90 10.64 -1.26 

O 8.51 0.00 10.64 -1.25 

O 2.13 8.51 12.77 -1.28 

O 4.26 10.64 12.77 -1.42 

O 6.39 12.77 12.77 -1.27 

O 8.51 14.90 12.77 -1.25 

O 10.64 0.00 12.77 -1.28 

O 2.13 6.38 14.90 -1.37 

O 4.26 8.51 14.90 -1.36 

O 6.39 10.64 14.90 -1.38 

O 8.51 12.77 14.90 -1.33 

O 10.64 14.90 14.90 -1.39 

O 0.00 0.00 14.90 -1.31 

O 2.13 4.26 17.03 -1.34 

O 4.26 6.38 17.03 -1.28 

O 6.39 8.51 17.03 -1.32 

O 8.51 10.64 17.03 -1.37 

O 10.64 12.77 17.03 -1.40 

O 0.00 14.90 17.03 -1.43 

O 2.13 2.13 19.15 -1.30 

O 4.26 4.26 19.15 -1.20 

O 6.39 6.38 19.15 -1.11 

O 8.51 8.51 19.15 -1.26 

O 10.64 10.64 19.15 -1.21 

O 0.00 12.77 19.15 -1.30 

O 4.26 2.13 0.00 -1.17 

O 6.39 4.26 0.00 -1.25 

O 8.51 6.38 0.00 -1.15 

O 10.64 8.51 0.00 -1.26 

O 0.00 10.64 0.00 -1.17 

O 2.13 0.00 8.51 -1.30 

O 2.13 14.90 10.64 -1.16 

O 4.26 0.00 10.64 -1.21 

O 2.13 12.77 12.77 -1.31 

O 4.26 14.90 12.77 -1.29 

O 6.39 0.00 12.77 -1.30 

O 2.13 10.64 14.90 -1.29 

O 4.26 12.77 14.90 -1.35 

O 6.39 14.90 14.90 -1.29 

O 8.51 0.00 14.90 -1.21 

O 2.13 8.51 17.03 -1.25 

O 4.26 10.64 17.03 -1.28 



 

 

125 

 

O 6.39 12.77 17.03 -1.31 

O 8.51 14.90 17.03 -1.37 

O 10.64 0.00 17.03 -1.25 

O 2.13 6.38 19.15 -1.36 

O 4.26 8.51 19.15 -1.19 

O 6.39 10.64 19.15 -1.22 

O 8.51 12.77 19.15 -1.15 

O 10.64 14.90 19.15 -1.28 

O 0.00 0.00 19.15 -1.30 

O 2.13 4.26 0.00 -1.27 

O 4.26 6.38 0.00 -1.24 

O 6.39 8.51 0.00 -1.23 

O 8.51 10.64 0.00 -1.14 

O 10.64 12.77 0.00 -1.17 

O 0.00 14.90 0.00 -1.15 

O 2.13 0.00 12.77 -1.21 

O 2.13 14.90 14.90 -1.27 

O 4.26 0.00 14.90 -1.22 

O 2.13 12.77 17.03 -1.26 

O 4.26 14.90 17.03 -1.29 

O 6.39 0.00 17.03 -1.28 

O 2.13 10.64 19.15 -1.18 

O 4.26 12.77 19.15 -1.24 

O 6.39 14.90 19.15 -1.31 

O 8.51 0.00 19.15 -1.15 

O 2.13 8.51 0.00 -1.12 

O 4.26 10.64 0.00 -1.10 

O 6.39 12.77 0.00 -1.27 

O 8.51 14.90 0.00 -1.26 

O 10.64 0.00 0.00 -1.16 

O 2.13 0.00 17.03 -1.19 

O 2.13 14.90 19.15 -1.14 

O 4.26 0.00 19.15 -1.24 

O 2.13 12.77 0.00 -1.12 

O 4.26 14.90 0.00 -1.17 

O 6.39 0.00 0.00 -1.19 

O 2.13 0.00 0.00 -1.17 

J14+Sc 

Atom 

type x y z 

Bader 

charge 

Mg 2.17 15.18 4.35 1.70 

Mg 0.00 10.84 6.53 1.70 

Mg 0.00 0.00 4.35 1.70 

Mg 6.51 6.50 8.71 1.69 

Mg 10.84 10.84 8.71 1.69 



 

 

126 

 

Mg 0.00 13.01 8.71 1.69 

Mg 8.68 6.50 10.89 1.70 

Mg 2.17 10.84 13.06 1.69 

Mg 8.68 0.00 4.35 1.69 

Mg 6.51 13.01 6.53 1.69 

Mg 8.68 15.18 6.53 1.70 

Mg 4.34 6.50 10.89 1.69 

Mg 8.68 8.67 13.06 1.68 

Mg 6.51 4.34 15.24 1.70 

Mg 8.68 6.50 15.24 1.70 

Mg 10.84 4.34 19.59 1.69 

Mg 10.84 2.17 8.71 1.69 

Mg 6.51 13.01 10.89 1.69 

Mg 10.84 0.00 10.89 1.69 

Mg 6.51 10.84 13.06 1.68 

Mg 0.00 0.00 13.06 1.70 

Mg 6.51 8.67 15.24 1.69 

Mg 10.84 13.01 15.24 1.69 

Mg 4.34 4.34 17.42 1.68 

Mg 8.68 6.50 19.59 1.69 

Mg 10.84 8.67 19.59 1.70 

Mg 0.00 10.84 19.59 1.69 

Mg 2.17 13.01 19.59 1.68 

Mg 4.34 10.84 15.24 1.69 

Mg 6.51 13.01 15.24 1.68 

Mg 10.84 0.00 15.24 1.70 

Mg 10.84 15.18 17.42 1.70 

Mg 6.51 8.67 19.59 1.69 

Mg 10.84 13.01 2.18 1.69 

Mg 0.00 15.18 2.18 1.69 

Mg 4.34 13.01 0.00 1.70 

Mg 4.34 2.17 19.59 1.69 

Mg 6.51 2.17 0.00 1.69 

Mg 4.34 15.18 2.18 1.69 

Mg 6.51 0.00 2.18 1.70 

Sc 10.84 6.50 4.35 2.07 

Sc 2.17 8.67 6.53 2.06 

Sc 4.34 4.34 4.35 2.06 

Sc 2.17 4.34 15.24 2.05 

Sc 8.68 10.84 6.53 2.08 

Sc 2.17 0.00 6.53 2.04 

Sc 4.34 4.34 8.71 2.03 

Sc 6.51 4.34 10.89 2.04 

Sc 2.17 6.50 17.42 2.04 

Sc 4.34 10.84 6.53 2.07 



 

 

127 

 

Sc 0.00 0.00 8.71 2.04 

Sc 10.84 13.01 10.89 2.06 

Sc 10.84 8.67 15.24 2.01 

Sc 0.00 10.84 15.24 1.98 

Sc 2.17 10.84 17.42 1.98 

Sc 0.00 4.34 0.00 2.03 

Sc 2.17 4.34 2.18 2.04 

Sc 4.34 15.18 6.53 2.05 

Sc 6.51 0.00 6.53 2.05 

Sc 8.68 2.17 6.53 2.05 

Sc 4.34 10.84 10.89 2.02 

Sc 8.68 10.84 15.24 2.01 

Sc 2.17 0.00 15.24 2.03 

Sc 10.84 10.84 17.42 1.95 

Sc 0.00 13.01 17.42 1.97 

Sc 8.68 4.34 0.00 2.03 

Sc 6.51 0.00 10.89 2.04 

Sc 4.34 13.01 13.06 1.86 

Sc 6.51 15.18 13.06 1.98 

Sc 4.34 8.67 17.42 2.03 

Sc 2.17 15.18 0.00 1.98 

Sc 8.68 6.50 2.18 2.03 

Sc 4.34 15.18 15.24 1.93 

Sc 4.34 13.01 17.42 2.02 

Sc 10.84 15.18 0.00 1.99 

Sc 0.00 0.00 0.00 1.99 

Sc 4.34 2.17 15.24 2.03 

Sc 6.51 2.17 17.42 2.05 

Sc 8.68 15.18 2.18 2.03 

Sc 4.34 0.00 0.00 2.02 

Co 0.00 4.34 4.35 1.24 

Co 2.17 4.34 6.53 1.22 

Co 8.68 4.34 4.35 1.24 

Co 0.00 8.67 4.35 1.22 

Co 0.00 4.34 8.71 1.25 

Co 2.17 6.50 8.71 1.22 

Co 8.68 8.67 4.35 1.22 

Co 8.68 6.50 6.53 1.26 

Co 0.00 6.50 10.89 1.30 

Co 2.17 8.67 10.89 1.25 

Co 2.17 15.18 8.71 1.23 

Co 2.17 8.67 15.24 0.84 

Co 10.84 15.18 8.71 1.23 

Co 2.17 2.17 8.71 1.21 

Co 6.51 8.67 10.89 1.24 



 

 

128 

 

Co 0.00 13.01 13.06 1.22 

Co 0.00 6.50 19.59 1.22 

Co 8.68 0.00 8.71 1.18 

Co 10.84 15.18 13.06 1.23 

Co 8.68 8.67 17.42 1.11 

Co 10.84 6.50 0.00 1.23 

Co 0.00 8.67 0.00 1.28 

Co 8.68 0.00 13.06 1.23 

Co 10.84 2.17 13.06 1.25 

Co 8.68 15.18 15.24 1.23 

Co 0.00 2.17 15.24 1.24 

Co 0.00 15.18 19.59 1.15 

Co 0.00 13.01 0.00 1.22 

Co 10.84 8.67 2.18 1.22 

Co 2.17 13.01 2.18 1.23 

Co 4.34 0.00 13.06 1.19 

Co 10.84 2.17 17.42 1.27 

Co 10.84 0.00 19.59 1.22 

Co 0.00 2.17 19.59 1.22 

Co 4.34 8.67 0.00 1.28 

Co 8.68 13.01 0.00 1.26 

Co 2.17 2.17 0.00 1.21 

Co 8.68 10.84 2.18 1.27 

Co 6.51 0.00 19.59 1.21 

Co 10.84 0.00 2.18 1.19 

Ni 2.17 10.84 4.35 1.15 

Ni 6.51 6.50 4.35 1.16 

Ni 2.17 13.01 6.53 1.17 

Ni 0.00 8.67 8.71 1.19 

Ni 2.17 10.84 8.71 1.19 

Ni 8.68 13.01 4.35 1.07 

Ni 10.84 15.18 4.35 1.17 

Ni 2.17 2.17 4.35 1.11 

Ni 10.84 13.01 6.53 1.15 

Ni 8.68 8.67 8.71 1.19 

Ni 10.84 8.67 10.89 1.24 

Ni 8.68 4.34 13.06 1.13 

Ni 0.00 6.50 15.24 1.19 

Ni 2.17 4.34 19.59 1.16 

Ni 6.51 15.18 4.35 1.06 

Ni 10.84 2.17 4.35 1.15 

Ni 10.84 0.00 6.53 1.15 

Ni 4.34 8.67 8.71 1.06 

Ni 6.51 10.84 8.71 1.06 

Ni 8.68 13.01 8.71 1.10 
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Ni 2.17 13.01 15.24 0.75 

Ni 0.00 8.67 17.42 0.75 

Ni 2.17 6.50 0.00 1.23 

Ni 4.34 13.01 8.71 0.76 

Ni 8.68 15.18 10.89 1.02 

Ni 0.00 2.17 10.89 1.23 

Ni 2.17 15.18 17.42 0.86 

Ni 8.68 2.17 10.89 1.24 

Ni 6.51 10.84 17.42 1.07 

Ni 8.68 13.01 17.42 1.07 

Ni 0.00 0.00 17.42 1.13 

Ni 6.51 4.34 2.18 1.16 

Ni 0.00 10.84 2.18 1.24 

Ni 4.34 2.17 10.89 1.25 

Ni 8.68 2.17 15.24 1.20 

Ni 4.34 15.18 19.59 1.15 

Ni 8.68 0.00 0.00 1.22 

Ni 4.34 10.84 2.18 1.22 

Ni 6.51 13.01 2.18 1.16 

Ni 0.00 2.17 2.18 1.06 

Cu 2.17 4.34 10.89 0.86 

Cu 0.00 13.01 4.35 0.83 

Cu 10.84 8.67 6.53 0.79 

Cu 8.68 4.34 8.71 0.76 

Cu 10.84 4.34 10.89 0.92 

Cu 0.00 4.34 13.06 0.93 

Cu 2.17 6.50 13.06 0.91 

Cu 4.34 8.67 4.35 0.78 

Cu 0.00 10.84 10.89 0.80 

Cu 0.00 8.67 13.06 0.82 

Cu 0.00 4.34 17.42 0.84 

Cu 0.00 2.17 6.53 0.78 

Cu 0.00 15.18 10.89 0.76 

Cu 2.17 0.00 10.89 0.78 

Cu 4.34 4.34 13.06 0.77 

Cu 10.84 10.84 13.06 0.71 

Cu 8.68 4.34 17.42 0.93 

Cu 4.34 0.00 4.35 0.72 

Cu 6.51 2.17 4.35 0.80 

Cu 2.17 2.17 13.06 0.80 

Cu 6.51 4.34 19.59 0.83 

Cu 2.17 10.84 0.00 0.87 

Cu 10.84 4.34 2.18 0.72 

Cu 0.00 6.50 2.18 0.74 

Cu 6.51 2.17 8.71 0.66 
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Cu 4.34 6.50 19.59 0.84 

Cu 2.17 0.00 19.59 0.71 

Cu 4.34 4.34 0.00 0.79 

Cu 10.84 10.84 0.00 0.82 

Cu 6.51 2.17 13.06 0.75 

Cu 6.51 0.00 15.24 0.77 

Cu 8.68 0.00 17.42 0.89 

Cu 4.34 10.84 19.59 0.74 

Cu 6.51 13.01 19.59 0.80 

Cu 6.51 10.84 0.00 0.94 

Cu 4.34 6.50 2.18 0.90 

Cu 8.68 2.17 19.59 0.83 

Cu 6.51 15.18 0.00 0.76 

Cu 8.68 2.17 2.18 0.89 

Cu 4.34 2.17 2.18 0.80 

Zn 2.17 6.50 4.35 1.16 

Zn 10.84 4.34 6.53 1.14 

Zn 0.00 6.50 6.53 1.14 

Zn 10.84 10.84 4.35 1.17 

Zn 6.51 4.34 6.53 1.16 

Zn 10.84 6.50 8.71 1.19 

Zn 6.51 10.84 4.35 1.14 

Zn 4.34 6.50 6.53 1.14 

Zn 6.51 8.67 6.53 1.15 

Zn 0.00 15.18 6.53 1.13 

Zn 2.17 13.01 10.89 1.11 

Zn 10.84 6.50 13.06 1.15 

Zn 10.84 4.34 15.24 1.18 

Zn 4.34 13.01 4.35 1.11 

Zn 8.68 10.84 10.89 1.11 

Zn 6.51 6.50 13.06 1.13 

Zn 2.17 15.18 13.06 1.13 

Zn 10.84 6.50 17.42 1.17 

Zn 2.17 8.67 19.59 1.15 

Zn 6.51 15.18 8.71 1.11 

Zn 4.34 8.67 13.06 1.13 

Zn 8.68 13.01 13.06 1.12 

Zn 4.34 6.50 15.24 1.14 

Zn 0.00 15.18 15.24 1.14 

Zn 6.51 6.50 17.42 1.16 

Zn 2.17 8.67 2.18 1.20 

Zn 4.34 2.17 6.53 1.13 

Zn 4.34 0.00 8.71 1.12 

Zn 4.34 15.18 10.89 1.09 

Zn 2.17 2.17 17.42 1.13 
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Zn 8.68 10.84 19.59 1.16 

Zn 10.84 13.01 19.59 1.12 

Zn 6.51 6.50 0.00 1.13 

Zn 8.68 8.67 0.00 1.14 

Zn 6.51 15.18 17.42 1.16 

Zn 8.68 15.18 19.59 1.17 

Zn 6.51 8.67 2.18 1.18 

Zn 2.17 0.00 2.18 1.13 

Zn 4.34 0.00 17.42 1.14 

Zn 10.84 2.17 0.00 1.17 

O 10.84 2.17 2.18 -1.17 

O 0.00 4.34 2.18 -1.30 

O 0.00 2.17 4.35 -1.30 

O 6.51 2.17 2.18 -1.31 

O 8.68 4.34 2.18 -1.30 

O 10.84 6.50 2.18 -1.34 

O 0.00 8.67 2.18 -1.22 

O 8.68 2.17 4.35 -1.35 

O 10.84 4.34 4.35 -1.24 

O 0.00 6.50 4.35 -1.24 

O 10.84 2.17 6.53 -1.33 

O 0.00 4.34 6.53 -1.23 

O 0.00 2.17 8.71 -1.37 

O 2.17 2.17 2.18 -1.26 

O 4.34 4.34 2.18 -1.28 

O 6.51 6.50 2.18 -1.23 

O 8.68 8.67 2.18 -1.26 

O 10.84 10.84 2.18 -1.26 

O 0.00 13.01 2.18 -1.39 

O 4.34 2.17 4.35 -1.21 

O 6.51 4.34 4.35 -1.29 

O 8.68 6.50 4.35 -1.34 

O 10.84 8.67 4.35 -1.31 

O 0.00 10.84 4.35 -1.30 

O 6.51 2.17 6.53 -1.28 

O 8.68 4.34 6.53 -1.24 

O 10.84 6.50 6.53 -1.27 

O 0.00 8.67 6.53 -1.36 

O 8.68 2.17 8.71 -1.36 

O 10.84 4.34 8.71 -1.23 

O 0.00 6.50 8.71 -1.22 

O 10.84 2.17 10.89 -1.39 

O 0.00 4.34 10.89 -1.14 

O 0.00 2.17 13.06 -1.30 

O 2.17 6.50 2.18 -1.26 
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O 4.34 8.67 2.18 -1.20 

O 6.51 10.84 2.18 -1.18 

O 8.68 13.01 2.18 -1.37 

O 10.84 15.18 2.18 -1.45 

O 0.00 0.00 2.18 -1.40 

O 2.17 4.34 4.35 -1.32 

O 4.34 6.50 4.35 -1.28 

O 6.51 8.67 4.35 -1.22 

O 8.68 10.84 4.35 -1.28 

O 10.84 13.01 4.35 -1.26 

O 0.00 15.18 4.35 -1.47 

O 2.17 2.17 6.53 -1.29 

O 4.34 4.34 6.53 -1.30 

O 6.51 6.50 6.53 -1.28 

O 8.68 8.67 6.53 -1.29 

O 10.84 10.84 6.53 -1.40 

O 0.00 13.01 6.53 -1.38 

O 4.34 2.17 8.71 -1.28 

O 6.51 4.34 8.71 -1.38 

O 8.68 6.50 8.71 -1.35 

O 10.84 8.67 8.71 -1.32 

O 0.00 10.84 8.71 -1.43 

O 6.51 2.17 10.89 -1.29 

O 8.68 4.34 10.89 -1.28 

O 10.84 6.50 10.89 -1.25 

O 0.00 8.67 10.89 -1.19 

O 8.68 2.17 13.06 -1.23 

O 10.84 4.34 13.06 -1.15 

O 0.00 6.50 13.06 -1.15 

O 10.84 2.17 15.24 -1.33 

O 0.00 4.34 15.24 -1.23 

O 0.00 2.17 17.42 -1.24 

O 2.17 10.84 2.18 -1.18 

O 4.34 13.01 2.18 -1.37 

O 6.51 15.18 2.18 -1.37 

O 8.68 0.00 2.18 -1.44 

O 2.17 8.67 4.35 -1.27 

O 4.34 10.84 4.35 -1.27 

O 6.51 13.01 4.35 -1.30 

O 8.68 15.18 4.35 -1.41 

O 10.84 0.00 4.35 -1.40 

O 2.17 6.50 6.53 -1.29 

O 4.34 8.67 6.53 -1.31 

O 6.51 10.84 6.53 -1.41 

O 8.68 13.01 6.53 -1.45 
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O 10.84 15.18 6.53 -1.31 

O 0.00 0.00 6.53 -1.38 

O 2.17 4.34 8.71 -1.26 

O 4.34 6.50 8.71 -1.41 

O 6.51 8.67 8.71 -1.31 

O 8.68 10.84 8.71 -1.32 

O 10.84 13.01 8.71 -1.41 

O 0.00 15.18 8.71 -1.32 

O 2.17 2.17 10.89 -1.18 

O 4.34 4.34 10.89 -1.36 

O 6.51 6.50 10.89 -1.48 

O 8.68 8.67 10.89 -1.37 

O 10.84 10.84 10.89 -1.31 

O 0.00 13.01 10.89 -1.31 

O 4.34 2.17 13.06 -1.26 

O 6.51 4.34 13.06 -1.30 

O 8.68 6.50 13.06 -1.43 

O 10.84 8.67 13.06 -1.36 

O 0.00 10.84 13.06 -1.31 

O 6.51 2.17 15.24 -1.37 

O 8.68 4.34 15.24 -1.38 

O 10.84 6.50 15.24 -1.36 

O 0.00 8.67 15.24 -1.30 

O 8.68 2.17 17.42 -1.22 

O 10.84 4.34 17.42 -1.24 

O 0.00 6.50 17.42 -1.29 

O 10.84 2.17 19.59 -1.32 

O 0.00 4.34 19.59 -1.34 

O 0.00 2.17 0.00 -1.30 

O 2.17 15.18 2.18 -1.48 

O 4.34 0.00 2.18 -1.40 

O 2.17 13.01 4.35 -1.30 

O 4.34 15.18 4.35 -1.42 

O 6.51 0.00 4.35 -1.41 

O 2.17 10.84 6.53 -1.40 

O 4.34 13.01 6.53 -1.37 

O 6.51 15.18 6.53 -1.48 

O 8.68 0.00 6.53 -1.48 

O 2.17 8.67 8.71 -1.30 

O 4.34 10.84 8.71 -1.28 

O 6.51 13.01 8.71 -1.38 

O 8.68 15.18 8.71 -1.33 

O 10.84 0.00 8.71 -1.40 

O 2.17 6.50 10.89 -1.28 

O 4.34 8.67 10.89 -1.31 
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O 6.51 10.84 10.89 -1.41 

O 8.68 13.01 10.89 -1.31 

O 10.84 15.18 10.89 -1.30 

O 0.00 0.00 10.89 -1.39 

O 2.17 4.34 13.06 -1.16 

O 4.34 6.50 13.06 -1.24 

O 6.51 8.67 13.06 -1.46 

O 8.68 10.84 13.06 -1.40 

O 10.84 13.01 13.06 -1.34 

O 0.00 15.18 13.06 -1.26 

O 2.17 2.17 15.24 -1.34 

O 4.34 4.34 15.24 -1.44 

O 6.51 6.50 15.24 -1.45 

O 8.68 8.67 15.24 -1.55 

O 10.84 10.84 15.24 -1.47 

O 0.00 13.01 15.24 -1.43 

O 4.34 2.17 17.42 -1.44 

O 6.51 4.34 17.42 -1.39 

O 8.68 6.50 17.42 -1.35 

O 10.84 8.67 17.42 -1.37 

O 0.00 10.84 17.42 -1.50 

O 6.51 2.17 19.59 -1.41 

O 8.68 4.34 19.59 -1.40 

O 10.84 6.50 19.59 -1.46 

O 0.00 8.67 19.59 -1.39 

O 8.68 2.17 0.00 -1.27 

O 10.84 4.34 0.00 -1.39 

O 0.00 6.50 0.00 -1.26 

O 2.17 0.00 4.35 -1.44 

O 2.17 15.18 6.53 -1.41 

O 4.34 0.00 6.53 -1.35 

O 2.17 13.01 8.71 -1.28 

O 4.34 15.18 8.71 -1.25 

O 6.51 0.00 8.71 -1.28 

O 2.17 10.84 10.89 -1.35 

O 4.34 13.01 10.89 -1.38 

O 6.51 15.18 10.89 -1.36 

O 8.68 0.00 10.89 -1.33 

O 2.17 8.67 13.06 -1.29 

O 4.34 10.84 13.06 -1.53 

O 6.51 13.01 13.06 -1.54 

O 8.68 15.18 13.06 -1.31 

O 10.84 0.00 13.06 -1.46 

O 2.17 6.50 15.24 -1.29 

O 4.34 8.67 15.24 -1.46 
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O 6.51 10.84 15.24 -1.58 

O 8.68 13.01 15.24 -1.46 

O 10.84 15.18 15.24 -1.46 

O 0.00 0.00 15.24 -1.41 

O 2.17 4.34 17.42 -1.41 

O 4.34 6.50 17.42 -1.35 

O 6.51 8.67 17.42 -1.41 

O 8.68 10.84 17.42 -1.35 

O 10.84 13.01 17.42 -1.49 

O 0.00 15.18 17.42 -1.37 

O 2.17 2.17 19.59 -1.30 

O 4.34 4.34 19.59 -1.32 

O 6.51 6.50 19.59 -1.34 

O 8.68 8.67 19.59 -1.43 

O 10.84 10.84 19.59 -1.38 

O 0.00 13.01 19.59 -1.42 

O 4.34 2.17 0.00 -1.40 

O 6.51 4.34 0.00 -1.31 

O 8.68 6.50 0.00 -1.36 

O 10.84 8.67 0.00 -1.29 

O 0.00 10.84 0.00 -1.28 

O 2.17 0.00 8.71 -1.30 

O 2.17 15.18 10.89 -1.16 

O 4.34 0.00 10.89 -1.23 

O 2.17 13.01 13.06 -1.33 

O 4.34 15.18 13.06 -1.36 

O 6.51 0.00 13.06 -1.32 

O 2.17 10.84 15.24 -1.49 

O 4.34 13.01 15.24 -1.53 

O 6.51 15.18 15.24 -1.41 

O 8.68 0.00 15.24 -1.31 

O 2.17 8.67 17.42 -1.39 

O 4.34 10.84 17.42 -1.42 

O 6.51 13.01 17.42 -1.32 

O 8.68 15.18 17.42 -1.29 

O 10.84 0.00 17.42 -1.38 

O 2.17 6.50 19.59 -1.29 

O 4.34 8.67 19.59 -1.33 

O 6.51 10.84 19.59 -1.21 

O 8.68 13.01 19.59 -1.19 

O 10.84 15.18 19.59 -1.33 

O 0.00 0.00 19.59 -1.26 

O 2.17 4.34 0.00 -1.32 

O 4.34 6.50 0.00 -1.13 

O 6.51 8.67 0.00 -1.24 
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O 8.68 10.84 0.00 -1.15 

O 10.84 13.01 0.00 -1.34 

O 0.00 15.18 0.00 -1.45 

O 2.17 0.00 13.06 -1.31 

O 2.17 15.18 15.24 -1.35 

O 4.34 0.00 15.24 -1.40 

O 2.17 13.01 17.42 -1.47 

O 4.34 15.18 17.42 -1.32 

O 6.51 0.00 17.42 -1.27 

O 2.17 10.84 19.59 -1.40 

O 4.34 13.01 19.59 -1.40 

O 6.51 15.18 19.59 -1.16 

O 8.68 0.00 19.59 -1.22 

O 2.17 8.67 0.00 -1.16 

O 4.34 10.84 0.00 -1.23 

O 6.51 13.01 0.00 -1.22 

O 8.68 15.18 0.00 -1.30 

O 10.84 0.00 0.00 -1.31 

O 2.17 0.00 17.42 -1.22 

O 2.17 15.18 19.59 -1.34 

O 4.34 0.00 19.59 -1.32 

O 2.17 13.01 0.00 -1.41 

O 4.34 15.18 0.00 -1.46 

O 6.51 0.00 0.00 -1.42 

O 2.17 0.00 0.00 -1.35 

J14+Sn 

Atom 

type x y z 

Bader 

charge 

Mg 2.24 15.65 4.42 1.70 

Mg 0.00 11.18 6.64 1.70 

Mg 0.00 0.00 4.42 1.70 

Mg 6.72 6.71 8.85 1.70 

Mg 11.19 11.18 8.85 1.70 

Mg 0.00 13.41 8.85 1.70 

Mg 8.95 6.71 11.06 1.70 

Mg 2.24 11.18 13.27 1.70 

Mg 8.95 0.00 4.42 1.70 

Mg 6.72 13.41 6.64 1.70 

Mg 8.95 15.65 6.64 1.70 

Mg 4.48 6.71 11.06 1.70 

Mg 8.95 8.94 13.27 1.69 

Mg 6.72 4.47 15.48 1.70 

Mg 8.95 6.71 15.48 1.70 

Mg 11.19 4.47 19.91 1.70 

Mg 11.19 2.24 8.85 1.70 
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Mg 6.72 13.41 11.06 1.70 

Mg 11.19 0.00 11.06 1.70 

Mg 6.72 11.18 13.27 1.69 

Mg 0.00 0.00 13.27 1.70 

Mg 6.72 8.94 15.48 1.70 

Mg 11.19 13.41 15.48 1.70 

Mg 4.48 4.47 17.70 1.69 

Mg 8.95 6.71 19.91 1.70 

Mg 11.19 8.94 19.91 1.70 

Mg 0.00 11.18 19.91 1.70 

Mg 2.24 13.41 19.91 1.69 

Mg 4.48 11.18 15.48 1.69 

Mg 6.72 13.41 15.48 1.69 

Mg 11.19 0.00 15.48 1.71 

Mg 11.19 15.65 17.70 1.70 

Mg 6.72 8.94 19.91 1.70 

Mg 11.19 13.41 2.21 1.70 

Mg 0.00 15.65 2.21 1.70 

Mg 4.48 13.41 0.00 1.70 

Mg 4.48 2.24 19.91 1.69 

Mg 6.72 2.24 0.00 1.70 

Mg 4.48 15.65 2.21 1.70 

Mg 6.72 0.00 2.21 1.70 

Sn 11.19 6.71 4.42 1.94 

Sn 2.24 8.94 6.64 1.92 

Sn 4.48 4.47 4.42 1.94 

Sn 2.24 4.47 15.48 1.93 

Sn 8.95 11.18 6.64 1.93 

Sn 2.24 0.00 6.64 1.86 

Sn 4.48 4.47 8.85 1.87 

Sn 6.72 4.47 11.06 2.02 

Sn 2.24 6.71 17.70 1.89 

Sn 4.48 11.18 6.64 1.88 

Sn 0.00 0.00 8.85 1.93 

Sn 11.19 13.41 11.06 2.03 

Sn 11.19 8.94 15.48 1.85 

Sn 0.00 11.18 15.48 1.82 

Sn 2.24 11.18 17.70 1.76 

Sn 0.00 4.47 0.00 1.98 

Sn 2.24 4.47 2.21 1.93 

Sn 4.48 15.65 6.64 1.81 

Sn 6.72 0.00 6.64 1.83 

Sn 8.95 2.24 6.64 1.95 

Sn 4.48 11.18 11.06 1.92 

Sn 8.95 11.18 15.48 1.71 
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Sn 2.24 0.00 15.48 1.92 

Sn 11.19 11.18 17.70 1.73 

Sn 0.00 13.41 17.70 1.74 

Sn 8.95 4.47 0.00 2.00 

Sn 6.72 0.00 11.06 1.98 

Sn 4.48 13.41 13.27 1.72 

Sn 6.72 15.65 13.27 1.79 

Sn 4.48 8.94 17.70 1.87 

Sn 2.24 15.65 0.00 1.86 

Sn 8.95 6.71 2.21 1.92 

Sn 4.48 15.65 15.48 1.77 

Sn 4.48 13.41 17.70 1.83 

Sn 11.19 15.65 0.00 1.85 

Sn 0.00 0.00 0.00 1.87 

Sn 4.48 2.24 15.48 1.86 

Sn 6.72 2.24 17.70 1.99 

Sn 8.95 15.65 2.21 1.89 

Sn 4.48 0.00 0.00 1.99 

Co 0.00 4.47 4.42 1.23 

Co 2.24 4.47 6.64 1.17 

Co 8.95 4.47 4.42 1.22 

Co 0.00 8.94 4.42 1.21 

Co 0.00 4.47 8.85 1.25 

Co 2.24 6.71 8.85 1.21 

Co 8.95 8.94 4.42 1.20 

Co 8.95 6.71 6.64 1.22 

Co 0.00 6.71 11.06 1.28 

Co 2.24 8.94 11.06 1.24 

Co 2.24 15.65 8.85 1.23 

Co 2.24 8.94 15.48 0.78 

Co 11.19 15.65 8.85 1.21 

Co 2.24 2.24 8.85 1.21 

Co 6.72 8.94 11.06 1.25 

Co 0.00 13.41 13.27 1.21 

Co 0.00 6.71 19.91 1.22 

Co 8.95 0.00 8.85 1.15 

Co 11.19 15.65 13.27 1.21 

Co 8.95 8.94 17.70 1.15 

Co 11.19 6.71 0.00 1.17 

Co 0.00 8.94 0.00 1.28 

Co 8.95 0.00 13.27 1.21 

Co 11.19 2.24 13.27 1.24 

Co 8.95 15.65 15.48 1.19 

Co 0.00 2.24 15.48 1.21 

Co 0.00 15.65 19.91 1.19 
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Co 0.00 13.41 0.00 1.19 

Co 11.19 8.94 2.21 1.22 

Co 2.24 13.41 2.21 1.24 

Co 4.48 0.00 13.27 0.78 

Co 11.19 2.24 17.70 1.27 

Co 11.19 0.00 19.91 1.22 

Co 0.00 2.24 19.91 1.22 

Co 4.48 8.94 0.00 1.25 

Co 8.95 13.41 0.00 1.27 

Co 2.24 2.24 0.00 1.24 

Co 8.95 11.18 2.21 1.25 

Co 6.72 0.00 19.91 1.20 

Co 11.19 0.00 2.21 1.19 

Ni 2.24 11.18 4.42 1.17 

Ni 6.72 6.71 4.42 1.10 

Ni 2.24 13.41 6.64 1.09 

Ni 0.00 8.94 8.85 1.22 

Ni 2.24 11.18 8.85 1.11 

Ni 8.95 13.41 4.42 1.06 

Ni 11.19 15.65 4.42 1.14 

Ni 2.24 2.24 4.42 1.09 

Ni 11.19 13.41 6.64 1.15 

Ni 8.95 8.94 8.85 1.21 

Ni 11.19 8.94 11.06 1.22 

Ni 8.95 4.47 13.27 1.18 

Ni 0.00 6.71 15.48 1.18 

Ni 2.24 4.47 19.91 1.09 

Ni 6.72 15.65 4.42 1.08 

Ni 11.19 2.24 4.42 1.16 

Ni 11.19 0.00 6.64 1.05 

Ni 4.48 8.94 8.85 1.02 

Ni 6.72 11.18 8.85 1.00 

Ni 8.95 13.41 8.85 1.06 

Ni 2.24 13.41 15.48 0.69 

Ni 0.00 8.94 17.70 0.92 

Ni 2.24 6.71 0.00 1.22 

Ni 4.48 13.41 8.85 1.00 

Ni 8.95 15.65 11.06 1.07 

Ni 0.00 2.24 11.06 1.23 

Ni 2.24 15.65 17.70 0.93 

Ni 8.95 2.24 11.06 1.23 

Ni 6.72 11.18 17.70 1.01 

Ni 8.95 13.41 17.70 1.07 

Ni 0.00 0.00 17.70 1.11 

Ni 6.72 4.47 2.21 1.14 



 

 

140 

 

Ni 0.00 11.18 2.21 1.25 

Ni 4.48 2.24 11.06 1.23 

Ni 8.95 2.24 15.48 1.17 

Ni 4.48 15.65 19.91 1.13 

Ni 8.95 0.00 0.00 1.16 

Ni 4.48 11.18 2.21 1.24 

Ni 6.72 13.41 2.21 1.21 

Ni 0.00 2.24 2.21 1.08 

Cu 2.24 4.47 11.06 0.83 

Cu 0.00 13.41 4.42 0.82 

Cu 11.19 8.94 6.64 0.77 

Cu 8.95 4.47 8.85 0.73 

Cu 11.19 4.47 11.06 0.91 

Cu 0.00 4.47 13.27 0.91 

Cu 2.24 6.71 13.27 0.86 

Cu 4.48 8.94 4.42 0.79 

Cu 0.00 11.18 11.06 0.77 

Cu 0.00 8.94 13.27 0.81 

Cu 0.00 4.47 17.70 0.78 

Cu 0.00 2.24 6.64 0.77 

Cu 0.00 15.65 11.06 0.72 

Cu 2.24 0.00 11.06 0.79 

Cu 4.48 4.47 13.27 0.73 

Cu 11.19 11.18 13.27 0.69 

Cu 8.95 4.47 17.70 0.84 

Cu 4.48 0.00 4.42 0.76 

Cu 6.72 2.24 4.42 0.78 

Cu 2.24 2.24 13.27 0.79 

Cu 6.72 4.47 19.91 0.74 

Cu 2.24 11.18 0.00 0.83 

Cu 11.19 4.47 2.21 0.70 

Cu 0.00 6.71 2.21 0.71 

Cu 6.72 2.24 8.85 0.67 

Cu 4.48 6.71 19.91 0.82 

Cu 2.24 0.00 19.91 0.70 

Cu 4.48 4.47 0.00 0.79 

Cu 11.19 11.18 0.00 0.79 

Cu 6.72 2.24 13.27 0.74 

Cu 6.72 0.00 15.48 0.77 

Cu 8.95 0.00 17.70 0.85 

Cu 4.48 11.18 19.91 0.72 

Cu 6.72 13.41 19.91 0.82 

Cu 6.72 11.18 0.00 0.91 

Cu 4.48 6.71 2.21 0.85 

Cu 8.95 2.24 19.91 0.74 
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Cu 6.72 15.65 0.00 0.72 

Cu 8.95 2.24 2.21 0.76 

Cu 4.48 2.24 2.21 0.72 

Zn 2.24 6.71 4.42 1.14 

Zn 11.19 4.47 6.64 1.13 

Zn 0.00 6.71 6.64 1.13 

Zn 11.19 11.18 4.42 1.15 

Zn 6.72 4.47 6.64 1.13 

Zn 11.19 6.71 8.85 1.17 

Zn 6.72 11.18 4.42 1.14 

Zn 4.48 6.71 6.64 1.12 

Zn 6.72 8.94 6.64 1.14 

Zn 0.00 15.65 6.64 1.11 

Zn 2.24 13.41 11.06 1.12 

Zn 11.19 6.71 13.27 1.14 

Zn 11.19 4.47 15.48 1.16 

Zn 4.48 13.41 4.42 1.10 

Zn 8.95 11.18 11.06 1.08 

Zn 6.72 6.71 13.27 1.12 

Zn 2.24 15.65 13.27 1.13 

Zn 11.19 6.71 17.70 1.14 

Zn 2.24 8.94 19.91 1.15 

Zn 6.72 15.65 8.85 1.10 

Zn 4.48 8.94 13.27 1.11 

Zn 8.95 13.41 13.27 1.11 

Zn 4.48 6.71 15.48 1.12 

Zn 0.00 15.65 15.48 1.11 

Zn 6.72 6.71 17.70 1.14 

Zn 2.24 8.94 2.21 1.19 

Zn 4.48 2.24 6.64 1.11 

Zn 4.48 0.00 8.85 1.12 

Zn 4.48 15.65 11.06 1.06 

Zn 2.24 2.24 17.70 1.11 

Zn 8.95 11.18 19.91 1.14 

Zn 11.19 13.41 19.91 1.13 

Zn 6.72 6.71 0.00 1.13 

Zn 8.95 8.94 0.00 1.12 

Zn 6.72 15.65 17.70 1.14 

Zn 8.95 15.65 19.91 1.15 

Zn 6.72 8.94 2.21 1.17 

Zn 2.24 0.00 2.21 1.12 

Zn 4.48 0.00 17.70 1.11 

Zn 11.19 2.24 0.00 1.13 

O 11.19 2.24 2.21 -1.18 

O 0.00 4.47 2.21 -1.26 
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O 0.00 2.24 4.42 -1.30 

O 6.72 2.24 2.21 -1.33 

O 8.95 4.47 2.21 -1.26 

O 11.19 6.71 2.21 -1.22 

O 0.00 8.94 2.21 -1.22 

O 8.95 2.24 4.42 -1.24 

O 11.19 4.47 4.42 -1.20 

O 0.00 6.71 4.42 -1.21 

O 11.19 2.24 6.64 -1.28 

O 0.00 4.47 6.64 -1.22 

O 0.00 2.24 8.85 -1.32 

O 2.24 2.24 2.21 -1.24 

O 4.48 4.47 2.21 -1.17 

O 6.72 6.71 2.21 -1.18 

O 8.95 8.94 2.21 -1.22 

O 11.19 11.18 2.21 -1.27 

O 0.00 13.41 2.21 -1.39 

O 4.48 2.24 4.42 -1.15 

O 6.72 4.47 4.42 -1.25 

O 8.95 6.71 4.42 -1.30 

O 11.19 8.94 4.42 -1.27 

O 0.00 11.18 4.42 -1.31 

O 6.72 2.24 6.64 -1.23 

O 8.95 4.47 6.64 -1.20 

O 11.19 6.71 6.64 -1.22 

O 0.00 8.94 6.64 -1.31 

O 8.95 2.24 8.85 -1.29 

O 11.19 4.47 8.85 -1.22 

O 0.00 6.71 8.85 -1.21 

O 11.19 2.24 11.06 -1.40 

O 0.00 4.47 11.06 -1.13 

O 0.00 2.24 13.27 -1.29 

O 2.24 6.71 2.21 -1.22 

O 4.48 8.94 2.21 -1.18 

O 6.72 11.18 2.21 -1.17 

O 8.95 13.41 2.21 -1.34 

O 11.19 15.65 2.21 -1.44 

O 0.00 0.00 2.21 -1.41 

O 2.24 4.47 4.42 -1.29 

O 4.48 6.71 4.42 -1.21 

O 6.72 8.94 4.42 -1.21 

O 8.95 11.18 4.42 -1.25 

O 11.19 13.41 4.42 -1.25 

O 0.00 15.65 4.42 -1.48 

O 2.24 2.24 6.64 -1.26 
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O 4.48 4.47 6.64 -1.26 

O 6.72 6.71 6.64 -1.28 

O 8.95 8.94 6.64 -1.25 

O 11.19 11.18 6.64 -1.36 

O 0.00 13.41 6.64 -1.40 

O 4.48 2.24 8.85 -1.25 

O 6.72 4.47 8.85 -1.34 

O 8.95 6.71 8.85 -1.35 

O 11.19 8.94 8.85 -1.32 

O 0.00 11.18 8.85 -1.41 

O 6.72 2.24 11.06 -1.24 

O 8.95 4.47 11.06 -1.26 

O 11.19 6.71 11.06 -1.24 

O 0.00 8.94 11.06 -1.22 

O 8.95 2.24 13.27 -1.23 

O 11.19 4.47 13.27 -1.15 

O 0.00 6.71 13.27 -1.15 

O 11.19 2.24 15.48 -1.32 

O 0.00 4.47 15.48 -1.19 

O 0.00 2.24 17.70 -1.23 

O 2.24 11.18 2.21 -1.19 

O 4.48 13.41 2.21 -1.38 

O 6.72 15.65 2.21 -1.34 

O 8.95 0.00 2.21 -1.39 

O 2.24 8.94 4.42 -1.22 

O 4.48 11.18 4.42 -1.24 

O 6.72 13.41 4.42 -1.29 

O 8.95 15.65 4.42 -1.42 

O 11.19 0.00 4.42 -1.40 

O 2.24 6.71 6.64 -1.25 

O 4.48 8.94 6.64 -1.27 

O 6.72 11.18 6.64 -1.35 

O 8.95 13.41 6.64 -1.42 

O 11.19 15.65 6.64 -1.31 

O 0.00 0.00 6.64 -1.33 

O 2.24 4.47 8.85 -1.23 

O 4.48 6.71 8.85 -1.38 

O 6.72 8.94 8.85 -1.32 

O 8.95 11.18 8.85 -1.25 

O 11.19 13.41 8.85 -1.39 

O 0.00 15.65 8.85 -1.27 

O 2.24 2.24 11.06 -1.18 

O 4.48 4.47 11.06 -1.24 

O 6.72 6.71 11.06 -1.44 

O 8.95 8.94 11.06 -1.39 



 

 

144 

 

O 11.19 11.18 11.06 -1.26 

O 0.00 13.41 11.06 -1.27 

O 4.48 2.24 13.27 -1.19 

O 6.72 4.47 13.27 -1.30 

O 8.95 6.71 13.27 -1.43 

O 11.19 8.94 13.27 -1.29 

O 0.00 11.18 13.27 -1.23 

O 6.72 2.24 15.48 -1.26 

O 8.95 4.47 15.48 -1.37 

O 11.19 6.71 15.48 -1.33 

O 0.00 8.94 15.48 -1.23 

O 8.95 2.24 17.70 -1.16 

O 11.19 4.47 17.70 -1.25 

O 0.00 6.71 17.70 -1.25 

O 11.19 2.24 19.91 -1.28 

O 0.00 4.47 19.91 -1.32 

O 0.00 2.24 0.00 -1.26 

O 2.24 15.65 2.21 -1.48 

O 4.48 0.00 2.21 -1.38 

O 2.24 13.41 4.42 -1.29 

O 4.48 15.65 4.42 -1.40 

O 6.72 0.00 4.42 -1.36 

O 2.24 11.18 6.64 -1.34 

O 4.48 13.41 6.64 -1.36 

O 6.72 15.65 6.64 -1.44 

O 8.95 0.00 6.64 -1.43 

O 2.24 8.94 8.85 -1.25 

O 4.48 11.18 8.85 -1.25 

O 6.72 13.41 8.85 -1.37 

O 8.95 15.65 8.85 -1.32 

O 11.19 0.00 8.85 -1.38 

O 2.24 6.71 11.06 -1.26 

O 4.48 8.94 11.06 -1.29 

O 6.72 11.18 11.06 -1.38 

O 8.95 13.41 11.06 -1.28 

O 11.19 15.65 11.06 -1.26 

O 0.00 0.00 11.06 -1.31 

O 2.24 4.47 13.27 -1.08 

O 4.48 6.71 13.27 -1.24 

O 6.72 8.94 13.27 -1.47 

O 8.95 11.18 13.27 -1.35 

O 11.19 13.41 13.27 -1.33 

O 0.00 15.65 13.27 -1.25 

O 2.24 2.24 15.48 -1.27 

O 4.48 4.47 15.48 -1.38 
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O 6.72 6.71 15.48 -1.45 

O 8.95 8.94 15.48 -1.50 

O 11.19 11.18 15.48 -1.34 

O 0.00 13.41 15.48 -1.36 

O 4.48 2.24 17.70 -1.39 

O 6.72 4.47 17.70 -1.34 

O 8.95 6.71 17.70 -1.35 

O 11.19 8.94 17.70 -1.33 

O 0.00 11.18 17.70 -1.40 

O 6.72 2.24 19.91 -1.34 

O 8.95 4.47 19.91 -1.36 

O 11.19 6.71 19.91 -1.47 

O 0.00 8.94 19.91 -1.39 

O 8.95 2.24 0.00 -1.24 

O 11.19 4.47 0.00 -1.32 

O 0.00 6.71 0.00 -1.23 

O 2.24 0.00 4.42 -1.39 

O 2.24 15.65 6.64 -1.36 

O 4.48 0.00 6.64 -1.32 

O 2.24 13.41 8.85 -1.29 

O 4.48 15.65 8.85 -1.20 

O 6.72 0.00 8.85 -1.26 

O 2.24 11.18 11.06 -1.31 

O 4.48 13.41 11.06 -1.30 

O 6.72 15.65 11.06 -1.29 

O 8.95 0.00 11.06 -1.29 

O 2.24 8.94 13.27 -1.29 

O 4.48 11.18 13.27 -1.52 

O 6.72 13.41 13.27 -1.51 

O 8.95 15.65 13.27 -1.29 

O 11.19 0.00 13.27 -1.47 

O 2.24 6.71 15.48 -1.21 

O 4.48 8.94 15.48 -1.41 

O 6.72 11.18 15.48 -1.57 

O 8.95 13.41 15.48 -1.43 

O 11.19 15.65 15.48 -1.46 

O 0.00 0.00 15.48 -1.37 

O 2.24 4.47 17.70 -1.34 

O 4.48 6.71 17.70 -1.29 

O 6.72 8.94 17.70 -1.38 

O 8.95 11.18 17.70 -1.30 

O 11.19 13.41 17.70 -1.43 

O 0.00 15.65 17.70 -1.35 

O 2.24 2.24 19.91 -1.30 

O 4.48 4.47 19.91 -1.32 
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O 6.72 6.71 19.91 -1.35 

O 8.95 8.94 19.91 -1.43 

O 11.19 11.18 19.91 -1.32 

O 0.00 13.41 19.91 -1.37 

O 4.48 2.24 0.00 -1.34 

O 6.72 4.47 0.00 -1.25 

O 8.95 6.71 0.00 -1.28 

O 11.19 8.94 0.00 -1.28 

O 0.00 11.18 0.00 -1.29 

O 2.24 0.00 8.85 -1.22 

O 2.24 15.65 11.06 -1.15 

O 4.48 0.00 11.06 -1.18 

O 2.24 13.41 13.27 -1.30 

O 4.48 15.65 13.27 -1.28 

O 6.72 0.00 13.27 -1.25 

O 2.24 11.18 15.48 -1.43 

O 4.48 13.41 15.48 -1.45 

O 6.72 15.65 15.48 -1.37 

O 8.95 0.00 15.48 -1.30 

O 2.24 8.94 17.70 -1.32 

O 4.48 11.18 17.70 -1.35 

O 6.72 13.41 17.70 -1.28 

O 8.95 15.65 17.70 -1.28 

O 11.19 0.00 17.70 -1.39 

O 2.24 6.71 19.91 -1.23 

O 4.48 8.94 19.91 -1.25 

O 6.72 11.18 19.91 -1.21 

O 8.95 13.41 19.91 -1.19 

O 11.19 15.65 19.91 -1.34 

O 0.00 0.00 19.91 -1.26 

O 2.24 4.47 0.00 -1.19 

O 4.48 6.71 0.00 -1.13 

O 6.72 8.94 0.00 -1.23 

O 8.95 11.18 0.00 -1.14 

O 11.19 13.41 0.00 -1.30 

O 0.00 15.65 0.00 -1.37 

O 2.24 0.00 13.27 -1.21 

O 2.24 15.65 15.48 -1.28 

O 4.48 0.00 15.48 -1.29 

O 2.24 13.41 17.70 -1.38 

O 4.48 15.65 17.70 -1.28 

O 6.72 0.00 17.70 -1.22 

O 2.24 11.18 19.91 -1.33 

O 4.48 13.41 19.91 -1.34 

O 6.72 15.65 19.91 -1.16 
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O 8.95 0.00 19.91 -1.21 

O 2.24 8.94 0.00 -1.15 

O 4.48 11.18 0.00 -1.23 

O 6.72 13.41 0.00 -1.25 

O 8.95 15.65 0.00 -1.21 

O 11.19 0.00 0.00 -1.26 

O 2.24 0.00 17.70 -1.16 

O 2.24 15.65 19.91 -1.34 

O 4.48 0.00 19.91 -1.31 

O 2.24 13.41 0.00 -1.37 

O 4.48 15.65 0.00 -1.38 

O 6.72 0.00 0.00 -1.37 

O 2.24 0.00 0.00 -1.27 

J14+Ge 

Atom 

type x y z 

Bader 

charge 

Mg 2.18 15.24 4.40 1.70 

Mg 0.00 10.88 6.60 1.70 

Mg 0.00 0.00 4.40 1.70 

Mg 6.55 6.53 8.80 1.70 

Mg 10.91 10.88 8.80 1.70 

Mg 0.00 13.06 8.80 1.70 

Mg 8.73 6.53 11.00 1.70 

Mg 2.18 10.88 13.20 1.69 

Mg 8.73 0.00 4.40 1.70 

Mg 6.55 13.06 6.60 1.70 

Mg 8.73 15.24 6.60 1.69 

Mg 4.36 6.53 11.00 1.70 

Mg 8.73 8.71 13.20 1.69 

Mg 6.55 4.35 15.40 1.70 

Mg 8.73 6.53 15.40 1.70 

Mg 10.91 4.35 19.81 1.70 

Mg 10.91 2.18 8.80 1.70 

Mg 6.55 13.06 11.00 1.69 

Mg 10.91 0.00 11.00 1.69 

Mg 6.55 10.88 13.20 1.69 

Mg 0.00 0.00 13.20 1.70 

Mg 6.55 8.71 15.40 1.69 

Mg 10.91 13.06 15.40 1.70 

Mg 4.36 4.35 17.61 1.69 

Mg 8.73 6.53 19.81 1.69 

Mg 10.91 8.71 19.81 1.70 

Mg 0.00 10.88 19.81 1.69 

Mg 2.18 13.06 19.81 1.69 

Mg 4.36 10.88 15.40 1.69 
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Mg 6.55 13.06 15.40 1.70 

Mg 10.91 0.00 15.40 1.70 

Mg 10.91 15.24 17.61 1.70 

Mg 6.55 8.71 19.81 1.70 

Mg 10.91 13.06 2.20 1.70 

Mg 0.00 15.24 2.20 1.69 

Mg 4.36 13.06 0.00 1.70 

Mg 4.36 2.18 19.81 1.69 

Mg 6.55 2.18 0.00 1.70 

Mg 4.36 15.24 2.20 1.69 

Mg 6.55 0.00 2.20 1.70 

Ge 10.91 6.53 4.40 1.63 

Ge 2.18 8.71 6.60 1.59 

Ge 4.36 4.35 4.40 1.66 

Ge 2.18 4.35 15.40 1.64 

Ge 8.73 10.88 6.60 1.58 

Ge 2.18 0.00 6.60 1.59 

Ge 4.36 4.35 8.80 1.55 

Ge 6.55 4.35 11.00 1.59 

Ge 2.18 6.53 17.61 1.59 

Ge 4.36 10.88 6.60 1.60 

Ge 0.00 0.00 8.80 1.61 

Ge 10.91 13.06 11.00 1.57 

Ge 10.91 8.71 15.40 1.55 

Ge 0.00 10.88 15.40 1.54 

Ge 2.18 10.88 17.61 1.52 

Ge 0.00 4.35 0.00 1.58 

Ge 2.18 4.35 2.20 1.62 

Ge 4.36 15.24 6.60 1.53 

Ge 6.55 0.00 6.60 1.59 

Ge 8.73 2.18 6.60 1.63 

Ge 4.36 10.88 11.00 1.49 

Ge 8.73 10.88 15.40 1.49 

Ge 2.18 0.00 15.40 1.61 

Ge 10.91 10.88 17.61 1.53 

Ge 0.00 13.06 17.61 1.48 

Ge 8.73 4.35 0.00 1.58 

Ge 6.55 0.00 11.00 1.58 

Ge 4.36 13.06 13.20 1.42 

Ge 6.55 15.24 13.20 1.45 

Ge 4.36 8.71 17.61 1.55 

Ge 2.18 15.24 0.00 1.48 

Ge 8.73 6.53 2.20 1.62 

Ge 4.36 15.24 15.40 1.51 

Ge 4.36 13.06 17.61 1.55 



 

 

149 

 

Ge 10.91 15.24 0.00 1.49 

Ge 0.00 0.00 0.00 1.52 

Ge 4.36 2.18 15.40 1.57 

Ge 6.55 2.18 17.61 1.67 

Ge 8.73 15.24 2.20 1.53 

Ge 4.36 0.00 0.00 1.58 

Co 0.00 4.35 4.40 1.26 

Co 2.18 4.35 6.60 1.23 

Co 8.73 4.35 4.40 1.25 

Co 0.00 8.71 4.40 1.25 

Co 0.00 4.35 8.80 1.25 

Co 2.18 6.53 8.80 1.24 

Co 8.73 8.71 4.40 1.15 

Co 8.73 6.53 6.60 1.25 

Co 0.00 6.53 11.00 1.29 

Co 2.18 8.71 11.00 1.26 

Co 2.18 15.24 8.80 1.25 

Co 2.18 8.71 15.40 1.23 

Co 10.91 15.24 8.80 1.24 

Co 2.18 2.18 8.80 1.24 

Co 6.55 8.71 11.00 1.25 

Co 0.00 13.06 13.20 1.16 

Co 0.00 6.53 19.81 1.23 

Co 8.73 0.00 8.80 1.22 

Co 10.91 15.24 13.20 1.23 

Co 8.73 8.71 17.61 1.21 

Co 10.91 6.53 0.00 1.23 

Co 0.00 8.71 0.00 1.28 

Co 8.73 0.00 13.20 1.25 

Co 10.91 2.18 13.20 1.17 

Co 8.73 15.24 15.40 1.23 

Co 0.00 2.18 15.40 1.24 

Co 0.00 15.24 19.81 1.24 

Co 0.00 13.06 0.00 1.22 

Co 10.91 8.71 2.20 1.24 

Co 2.18 13.06 2.20 1.24 

Co 4.36 0.00 13.20 1.24 

Co 10.91 2.18 17.61 1.26 

Co 10.91 0.00 19.81 1.25 

Co 0.00 2.18 19.81 1.26 

Co 4.36 8.71 0.00 1.26 

Co 8.73 13.06 0.00 1.22 

Co 2.18 2.18 0.00 1.26 

Co 8.73 10.88 2.20 1.25 

Co 6.55 0.00 19.81 1.23 
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Co 10.91 0.00 2.20 1.23 

Ni 2.18 10.88 4.40 1.19 

Ni 6.55 6.53 4.40 1.15 

Ni 2.18 13.06 6.60 1.15 

Ni 0.00 8.71 8.80 1.22 

Ni 2.18 10.88 8.80 1.24 

Ni 8.73 13.06 4.40 1.16 

Ni 10.91 15.24 4.40 1.17 

Ni 2.18 2.18 4.40 1.11 

Ni 10.91 13.06 6.60 1.17 

Ni 8.73 8.71 8.80 1.15 

Ni 10.91 8.71 11.00 1.22 

Ni 8.73 4.35 13.20 1.18 

Ni 0.00 6.53 15.40 1.19 

Ni 2.18 4.35 19.81 1.15 

Ni 6.55 15.24 4.40 1.15 

Ni 10.91 2.18 4.40 1.10 

Ni 10.91 0.00 6.60 1.14 

Ni 4.36 8.71 8.80 1.17 

Ni 6.55 10.88 8.80 1.23 

Ni 8.73 13.06 8.80 1.22 

Ni 2.18 13.06 15.40 1.15 

Ni 0.00 8.71 17.61 1.03 

Ni 2.18 6.53 0.00 1.24 

Ni 4.36 13.06 8.80 1.16 

Ni 8.73 15.24 11.00 1.19 

Ni 0.00 2.18 11.00 1.24 

Ni 2.18 15.24 17.61 1.13 

Ni 8.73 2.18 11.00 1.24 

Ni 6.55 10.88 17.61 1.13 

Ni 8.73 13.06 17.61 1.15 

Ni 0.00 0.00 17.61 1.15 

Ni 6.55 4.35 2.20 1.20 

Ni 0.00 10.88 2.20 1.25 

Ni 4.36 2.18 11.00 1.24 

Ni 8.73 2.18 15.40 1.13 

Ni 4.36 15.24 19.81 1.20 

Ni 8.73 0.00 0.00 1.19 

Ni 4.36 10.88 2.20 1.23 

Ni 6.55 13.06 2.20 1.16 

Ni 0.00 2.18 2.20 1.14 

Cu 2.18 4.35 11.00 0.91 

Cu 0.00 13.06 4.40 0.94 

Cu 10.91 8.71 6.60 0.89 

Cu 8.73 4.35 8.80 0.85 
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Cu 10.91 4.35 11.00 0.96 

Cu 0.00 4.35 13.20 0.95 

Cu 2.18 6.53 13.20 0.91 

Cu 4.36 8.71 4.40 0.87 

Cu 0.00 10.88 11.00 0.88 

Cu 0.00 8.71 13.20 0.91 

Cu 0.00 4.35 17.61 0.87 

Cu 0.00 2.18 6.60 0.86 

Cu 0.00 15.24 11.00 0.83 

Cu 2.18 0.00 11.00 0.84 

Cu 4.36 4.35 13.20 0.85 

Cu 10.91 10.88 13.20 0.81 

Cu 8.73 4.35 17.61 0.92 

Cu 4.36 0.00 4.40 0.84 

Cu 6.55 2.18 4.40 0.87 

Cu 2.18 2.18 13.20 0.88 

Cu 6.55 4.35 19.81 0.92 

Cu 2.18 10.88 0.00 0.89 

Cu 10.91 4.35 2.20 0.82 

Cu 0.00 6.53 2.20 0.84 

Cu 6.55 2.18 8.80 0.79 

Cu 4.36 6.53 19.81 0.91 

Cu 2.18 0.00 19.81 0.76 

Cu 4.36 4.35 0.00 0.87 

Cu 10.91 10.88 0.00 0.86 

Cu 6.55 2.18 13.20 0.83 

Cu 6.55 0.00 15.40 0.85 

Cu 8.73 0.00 17.61 0.95 

Cu 4.36 10.88 19.81 0.84 

Cu 6.55 13.06 19.81 0.97 

Cu 6.55 10.88 0.00 0.94 

Cu 4.36 6.53 2.20 0.90 

Cu 8.73 2.18 19.81 0.94 

Cu 6.55 15.24 0.00 0.81 

Cu 8.73 2.18 2.20 0.85 

Cu 4.36 2.18 2.20 0.86 

Zn 2.18 6.53 4.40 1.17 

Zn 10.91 4.35 6.60 1.16 

Zn 0.00 6.53 6.60 1.16 

Zn 10.91 10.88 4.40 1.17 

Zn 6.55 4.35 6.60 1.17 

Zn 10.91 6.53 8.80 1.18 

Zn 6.55 10.88 4.40 1.17 

Zn 4.36 6.53 6.60 1.16 

Zn 6.55 8.71 6.60 1.17 
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Zn 0.00 15.24 6.60 1.14 

Zn 2.18 13.06 11.00 1.14 

Zn 10.91 6.53 13.20 1.16 

Zn 10.91 4.35 15.40 1.17 

Zn 4.36 13.06 4.40 1.15 

Zn 8.73 10.88 11.00 1.11 

Zn 6.55 6.53 13.20 1.14 

Zn 2.18 15.24 13.20 1.16 

Zn 10.91 6.53 17.61 1.16 

Zn 2.18 8.71 19.81 1.18 

Zn 6.55 15.24 8.80 1.14 

Zn 4.36 8.71 13.20 1.13 

Zn 8.73 13.06 13.20 1.15 

Zn 4.36 6.53 15.40 1.15 

Zn 0.00 15.24 15.40 1.13 

Zn 6.55 6.53 17.61 1.15 

Zn 2.18 8.71 2.20 1.19 

Zn 4.36 2.18 6.60 1.16 

Zn 4.36 0.00 8.80 1.16 

Zn 4.36 15.24 11.00 1.11 

Zn 2.18 2.18 17.61 1.16 

Zn 8.73 10.88 19.81 1.17 

Zn 10.91 13.06 19.81 1.17 

Zn 6.55 6.53 0.00 1.15 

Zn 8.73 8.71 0.00 1.14 

Zn 6.55 15.24 17.61 1.16 

Zn 8.73 15.24 19.81 1.17 

Zn 6.55 8.71 2.20 1.19 

Zn 2.18 0.00 2.20 1.15 

Zn 4.36 0.00 17.61 1.16 

Zn 10.91 2.18 0.00 1.16 

O 10.91 2.18 2.20 -1.18 

O 0.00 4.35 2.20 -1.18 

O 0.00 2.18 4.40 -1.28 

O 6.55 2.18 2.20 -1.29 

O 8.73 4.35 2.20 -1.19 

O 10.91 6.53 2.20 -1.21 

O 0.00 8.71 2.20 -1.22 

O 8.73 2.18 4.40 -1.23 

O 10.91 4.35 4.40 -1.19 

O 0.00 6.53 4.40 -1.20 

O 10.91 2.18 6.60 -1.25 

O 0.00 4.35 6.60 -1.23 

O 0.00 2.18 8.80 -1.32 

O 2.18 2.18 2.20 -1.22 
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O 4.36 4.35 2.20 -1.16 

O 6.55 6.53 2.20 -1.16 

O 8.73 8.71 2.20 -1.21 

O 10.91 10.88 2.20 -1.26 

O 0.00 13.06 2.20 -1.39 

O 4.36 2.18 4.40 -1.14 

O 6.55 4.35 4.40 -1.23 

O 8.73 6.53 4.40 -1.27 

O 10.91 8.71 4.40 -1.25 

O 0.00 10.88 4.40 -1.29 

O 6.55 2.18 6.60 -1.19 

O 8.73 4.35 6.60 -1.20 

O 10.91 6.53 6.60 -1.23 

O 0.00 8.71 6.60 -1.29 

O 8.73 2.18 8.80 -1.31 

O 10.91 4.35 8.80 -1.23 

O 0.00 6.53 8.80 -1.22 

O 10.91 2.18 11.00 -1.37 

O 0.00 4.35 11.00 -1.12 

O 0.00 2.18 13.20 -1.29 

O 2.18 6.53 2.20 -1.20 

O 4.36 8.71 2.20 -1.19 

O 6.55 10.88 2.20 -1.17 

O 8.73 13.06 2.20 -1.31 

O 10.91 15.24 2.20 -1.38 

O 0.00 0.00 2.20 -1.35 

O 2.18 4.35 4.40 -1.26 

O 4.36 6.53 4.40 -1.16 

O 6.55 8.71 4.40 -1.20 

O 8.73 10.88 4.40 -1.24 

O 10.91 13.06 4.40 -1.27 

O 0.00 15.24 4.40 -1.45 

O 2.18 2.18 6.60 -1.24 

O 4.36 4.35 6.60 -1.20 

O 6.55 6.53 6.60 -1.27 

O 8.73 8.71 6.60 -1.24 

O 10.91 10.88 6.60 -1.35 

O 0.00 13.06 6.60 -1.39 

O 4.36 2.18 8.80 -1.24 

O 6.55 4.35 8.80 -1.26 

O 8.73 6.53 8.80 -1.34 

O 10.91 8.71 8.80 -1.29 

O 0.00 10.88 8.80 -1.43 

O 6.55 2.18 11.00 -1.18 

O 8.73 4.35 11.00 -1.24 
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O 10.91 6.53 11.00 -1.24 

O 0.00 8.71 11.00 -1.21 

O 8.73 2.18 13.20 -1.21 

O 10.91 4.35 13.20 -1.14 

O 0.00 6.53 13.20 -1.15 

O 10.91 2.18 15.40 -1.30 

O 0.00 4.35 15.40 -1.17 

O 0.00 2.18 17.61 -1.23 

O 2.18 10.88 2.20 -1.19 

O 4.36 13.06 2.20 -1.34 

O 6.55 15.24 2.20 -1.33 

O 8.73 0.00 2.20 -1.38 

O 2.18 8.71 4.40 -1.23 

O 4.36 10.88 4.40 -1.23 

O 6.55 13.06 4.40 -1.29 

O 8.73 15.24 4.40 -1.36 

O 10.91 0.00 4.40 -1.39 

O 2.18 6.53 6.60 -1.25 

O 4.36 8.71 6.60 -1.25 

O 6.55 10.88 6.60 -1.30 

O 8.73 13.06 6.60 -1.41 

O 10.91 15.24 6.60 -1.31 

O 0.00 0.00 6.60 -1.29 

O 2.18 4.35 8.80 -1.21 

O 4.36 6.53 8.80 -1.37 

O 6.55 8.71 8.80 -1.29 

O 8.73 10.88 8.80 -1.29 

O 10.91 13.06 8.80 -1.37 

O 0.00 15.24 8.80 -1.27 

O 2.18 2.18 11.00 -1.15 

O 4.36 4.35 11.00 -1.23 

O 6.55 6.53 11.00 -1.43 

O 8.73 8.71 11.00 -1.37 

O 10.91 10.88 11.00 -1.24 

O 0.00 13.06 11.00 -1.24 

O 4.36 2.18 13.20 -1.21 

O 6.55 4.35 13.20 -1.23 

O 8.73 6.53 13.20 -1.42 

O 10.91 8.71 13.20 -1.31 

O 0.00 10.88 13.20 -1.24 

O 6.55 2.18 15.40 -1.24 

O 8.73 4.35 15.40 -1.36 

O 10.91 6.53 15.40 -1.33 

O 0.00 8.71 15.40 -1.22 

O 8.73 2.18 17.61 -1.17 
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O 10.91 4.35 17.61 -1.25 

O 0.00 6.53 17.61 -1.23 

O 10.91 2.18 19.81 -1.28 

O 0.00 4.35 19.81 -1.27 

O 0.00 2.18 0.00 -1.23 

O 2.18 15.24 2.20 -1.44 

O 4.36 0.00 2.20 -1.31 

O 2.18 13.06 4.40 -1.29 

O 4.36 15.24 4.40 -1.39 

O 6.55 0.00 4.40 -1.35 

O 2.18 10.88 6.60 -1.32 

O 4.36 13.06 6.60 -1.33 

O 6.55 15.24 6.60 -1.42 

O 8.73 0.00 6.60 -1.40 

O 2.18 8.71 8.80 -1.26 

O 4.36 10.88 8.80 -1.22 

O 6.55 13.06 8.80 -1.37 

O 8.73 15.24 8.80 -1.31 

O 10.91 0.00 8.80 -1.36 

O 2.18 6.53 11.00 -1.26 

O 4.36 8.71 11.00 -1.30 

O 6.55 10.88 11.00 -1.40 

O 8.73 13.06 11.00 -1.29 

O 10.91 15.24 11.00 -1.27 

O 0.00 0.00 11.00 -1.33 

O 2.18 4.35 13.20 -1.09 

O 4.36 6.53 13.20 -1.24 

O 6.55 8.71 13.20 -1.45 

O 8.73 10.88 13.20 -1.36 

O 10.91 13.06 13.20 -1.27 

O 0.00 15.24 13.20 -1.25 

O 2.18 2.18 15.40 -1.22 

O 4.36 4.35 15.40 -1.36 

O 6.55 6.53 15.40 -1.45 

O 8.73 8.71 15.40 -1.48 

O 10.91 10.88 15.40 -1.30 

O 0.00 13.06 15.40 -1.36 

O 4.36 2.18 17.61 -1.37 

O 6.55 4.35 17.61 -1.34 

O 8.73 6.53 17.61 -1.34 

O 10.91 8.71 17.61 -1.32 

O 0.00 10.88 17.61 -1.35 

O 6.55 2.18 19.81 -1.34 

O 8.73 4.35 19.81 -1.31 

O 10.91 6.53 19.81 -1.46 
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O 0.00 8.71 19.81 -1.38 

O 8.73 2.18 0.00 -1.24 

O 10.91 4.35 0.00 -1.27 

O 0.00 6.53 0.00 -1.21 

O 2.18 0.00 4.40 -1.38 

O 2.18 15.24 6.60 -1.33 

O 4.36 0.00 6.60 -1.26 

O 2.18 13.06 8.80 -1.29 

O 4.36 15.24 8.80 -1.21 

O 6.55 0.00 8.80 -1.20 

O 2.18 10.88 11.00 -1.31 

O 4.36 13.06 11.00 -1.30 

O 6.55 15.24 11.00 -1.29 

O 8.73 0.00 11.00 -1.27 

O 2.18 8.71 13.20 -1.28 

O 4.36 10.88 13.20 -1.46 

O 6.55 13.06 13.20 -1.47 

O 8.73 15.24 13.20 -1.27 

O 10.91 0.00 13.20 -1.45 

O 2.18 6.53 15.40 -1.21 

O 4.36 8.71 15.40 -1.41 

O 6.55 10.88 15.40 -1.54 

O 8.73 13.06 15.40 -1.42 

O 10.91 15.24 15.40 -1.46 

O 0.00 0.00 15.40 -1.36 

O 2.18 4.35 17.61 -1.33 

O 4.36 6.53 17.61 -1.28 

O 6.55 8.71 17.61 -1.36 

O 8.73 10.88 17.61 -1.27 

O 10.91 13.06 17.61 -1.41 

O 0.00 15.24 17.61 -1.34 

O 2.18 2.18 19.81 -1.30 

O 4.36 4.35 19.81 -1.30 

O 6.55 6.53 19.81 -1.34 

O 8.73 8.71 19.81 -1.43 

O 10.91 10.88 19.81 -1.32 

O 0.00 13.06 19.81 -1.39 

O 4.36 2.18 0.00 -1.33 

O 6.55 4.35 0.00 -1.26 

O 8.73 6.53 0.00 -1.29 

O 10.91 8.71 0.00 -1.27 

O 0.00 10.88 0.00 -1.27 

O 2.18 0.00 8.80 -1.21 

O 2.18 15.24 11.00 -1.15 

O 4.36 0.00 11.00 -1.17 
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O 2.18 13.06 13.20 -1.27 

O 4.36 15.24 13.20 -1.27 

O 6.55 0.00 13.20 -1.20 

O 2.18 10.88 15.40 -1.41 

O 4.36 13.06 15.40 -1.40 

O 6.55 15.24 15.40 -1.30 

O 8.73 0.00 15.40 -1.29 

O 2.18 8.71 17.61 -1.28 

O 4.36 10.88 17.61 -1.29 

O 6.55 13.06 17.61 -1.28 

O 8.73 15.24 17.61 -1.29 

O 10.91 0.00 17.61 -1.39 

O 2.18 6.53 19.81 -1.24 

O 4.36 8.71 19.81 -1.25 

O 6.55 10.88 19.81 -1.20 

O 8.73 13.06 19.81 -1.19 

O 10.91 15.24 19.81 -1.28 

O 0.00 0.00 19.81 -1.22 

O 2.18 4.35 0.00 -1.20 

O 4.36 6.53 0.00 -1.16 

O 6.55 8.71 0.00 -1.23 

O 8.73 10.88 0.00 -1.14 

O 10.91 13.06 0.00 -1.27 

O 0.00 15.24 0.00 -1.32 

O 2.18 0.00 13.20 -1.24 

O 2.18 15.24 15.40 -1.26 

O 4.36 0.00 15.40 -1.27 

O 2.18 13.06 17.61 -1.33 

O 4.36 15.24 17.61 -1.27 

O 6.55 0.00 17.61 -1.22 

O 2.18 10.88 19.81 -1.33 

O 4.36 13.06 19.81 -1.34 

O 6.55 15.24 19.81 -1.16 

O 8.73 0.00 19.81 -1.22 

O 2.18 8.71 0.00 -1.16 

O 4.36 10.88 0.00 -1.24 

O 6.55 13.06 0.00 -1.22 

O 8.73 15.24 0.00 -1.20 

O 10.91 0.00 0.00 -1.23 

O 2.18 0.00 17.61 -1.17 

O 2.18 15.24 19.81 -1.29 

O 4.36 0.00 19.81 -1.25 

O 2.18 13.06 0.00 -1.36 

O 4.36 15.24 0.00 -1.37 

O 6.55 0.00 0.00 -1.33 
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O 2.18 0.00 0.00 -1.22 

J14+Cr 

Atom 

type x y z 

Bader 

charge 

Mg 2.13 14.97 4.29 1.70 

Mg 0.00 10.69 6.43 1.70 

Mg 0.00 0.00 4.29 1.70 

Mg 6.38 6.41 8.58 1.69 

Mg 10.63 10.69 8.58 1.69 

Mg 0.00 12.83 8.58 1.70 

Mg 8.51 6.41 10.72 1.70 

Mg 2.13 10.69 12.87 1.69 

Mg 8.51 0.00 4.29 1.70 

Mg 6.38 12.83 6.43 1.70 

Mg 8.51 14.97 6.43 1.70 

Mg 4.25 6.41 10.72 1.70 

Mg 8.51 8.55 12.87 1.69 

Mg 6.38 4.28 15.01 1.70 

Mg 8.51 6.41 15.01 1.70 

Mg 10.63 4.28 19.30 1.70 

Mg 10.63 2.14 8.58 1.70 

Mg 6.38 12.83 10.72 1.69 

Mg 10.63 0.00 10.72 1.69 

Mg 6.38 10.69 12.87 1.69 

Mg 0.00 0.00 12.87 1.70 

Mg 6.38 8.55 15.01 1.70 

Mg 10.63 12.83 15.01 1.70 

Mg 4.25 4.28 17.16 1.69 

Mg 8.51 6.41 19.30 1.69 

Mg 10.63 8.55 19.30 1.70 

Mg 0.00 10.69 19.30 1.69 

Mg 2.13 12.83 19.30 1.69 

Mg 4.25 10.69 15.01 1.69 

Mg 6.38 12.83 15.01 1.69 

Mg 10.63 0.00 15.01 1.70 

Mg 10.63 14.97 17.16 1.70 

Mg 6.38 8.55 19.30 1.70 

Mg 10.63 12.83 2.14 1.70 

Mg 0.00 14.97 2.14 1.69 

Mg 4.25 12.83 0.00 1.70 

Mg 4.25 2.14 19.30 1.69 

Mg 6.38 2.14 0.00 1.70 

Mg 4.25 14.97 2.14 1.69 

Mg 6.38 0.00 2.14 1.70 

Cr 10.63 6.41 4.29 1.59 



 

 

159 

 

Cr 2.13 8.55 6.43 1.56 

Cr 4.25 4.28 4.29 1.55 

Cr 2.13 4.28 15.01 1.55 

Cr 8.51 10.69 6.43 1.54 

Cr 2.13 0.00 6.43 1.52 

Cr 4.25 4.28 8.58 1.53 

Cr 6.38 4.28 10.72 1.62 

Cr 2.13 6.41 17.16 1.53 

Cr 4.25 10.69 6.43 1.50 

Cr 0.00 0.00 8.58 1.58 

Cr 10.63 12.83 10.72 1.63 

Cr 10.63 8.55 15.01 1.54 

Cr 0.00 10.69 15.01 1.47 

Cr 2.13 10.69 17.16 1.45 

Cr 0.00 4.28 0.00 1.59 

Cr 2.13 4.28 2.14 1.57 

Cr 4.25 14.97 6.43 1.50 

Cr 6.38 0.00 6.43 1.52 

Cr 8.51 2.14 6.43 1.55 

Cr 4.25 10.69 10.72 1.42 

Cr 8.51 10.69 15.01 1.48 

Cr 2.13 0.00 15.01 1.51 

Cr 10.63 10.69 17.16 1.46 

Cr 0.00 12.83 17.16 1.46 

Cr 8.51 4.28 0.00 1.61 

Cr 6.38 0.00 10.72 1.46 

Cr 4.25 12.83 12.87 1.39 

Cr 6.38 14.97 12.87 1.49 

Cr 4.25 8.55 17.16 1.52 

Cr 2.13 14.97 0.00 1.56 

Cr 8.51 6.41 2.14 1.55 

Cr 4.25 14.97 15.01 1.48 

Cr 4.25 12.83 17.16 1.48 

Cr 10.63 14.97 0.00 1.55 

Cr 0.00 0.00 0.00 1.56 

Cr 4.25 2.14 15.01 1.53 

Cr 6.38 2.14 17.16 1.57 

Cr 8.51 14.97 2.14 1.54 

Cr 4.25 0.00 0.00 1.53 

Co 0.00 4.28 4.29 1.27 

Co 2.13 4.28 6.43 1.26 

Co 8.51 4.28 4.29 1.26 

Co 0.00 8.55 4.29 1.25 

Co 0.00 4.28 8.58 1.27 

Co 2.13 6.41 8.58 1.25 
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Co 8.51 8.55 4.29 1.25 

Co 8.51 6.41 6.43 1.27 

Co 0.00 6.41 10.72 1.26 

Co 2.13 8.55 10.72 1.24 

Co 2.13 14.97 8.58 1.26 

Co 2.13 8.55 15.01 1.24 

Co 10.63 14.97 8.58 1.25 

Co 2.13 2.14 8.58 1.25 

Co 6.38 8.55 10.72 1.27 

Co 0.00 12.83 12.87 1.27 

Co 0.00 6.41 19.30 1.24 

Co 8.51 0.00 8.58 1.23 

Co 10.63 14.97 12.87 1.24 

Co 8.51 8.55 17.16 1.23 

Co 10.63 6.41 0.00 1.22 

Co 0.00 8.55 0.00 1.26 

Co 8.51 0.00 12.87 1.25 

Co 10.63 2.14 12.87 1.25 

Co 8.51 14.97 15.01 1.26 

Co 0.00 2.14 15.01 1.26 

Co 0.00 14.97 19.30 1.24 

Co 0.00 12.83 0.00 1.21 

Co 10.63 8.55 2.14 1.25 

Co 2.13 12.83 2.14 1.25 

Co 4.25 0.00 12.87 1.25 

Co 10.63 2.14 17.16 1.28 

Co 10.63 0.00 19.30 1.25 

Co 0.00 2.14 19.30 1.26 

Co 4.25 8.55 0.00 1.26 

Co 8.51 12.83 0.00 1.25 

Co 2.13 2.14 0.00 1.28 

Co 8.51 10.69 2.14 1.27 

Co 6.38 0.00 19.30 1.24 

Co 10.63 0.00 2.14 1.24 

Ni 2.13 10.69 4.29 1.18 

Ni 6.38 6.41 4.29 1.18 

Ni 2.13 12.83 6.43 1.19 

Ni 0.00 8.55 8.58 1.18 

Ni 2.13 10.69 8.58 1.21 

Ni 8.51 12.83 4.29 1.14 

Ni 10.63 14.97 4.29 1.18 

Ni 2.13 2.14 4.29 1.17 

Ni 10.63 12.83 6.43 1.17 

Ni 8.51 8.55 8.58 1.19 

Ni 10.63 8.55 10.72 1.24 
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Ni 8.51 4.28 12.87 1.14 

Ni 0.00 6.41 15.01 1.20 

Ni 2.13 4.28 19.30 1.17 

Ni 6.38 14.97 4.29 1.13 

Ni 10.63 2.14 4.29 1.18 

Ni 10.63 0.00 6.43 1.17 

Ni 4.25 8.55 8.58 1.15 

Ni 6.38 10.69 8.58 1.19 

Ni 8.51 12.83 8.58 1.17 

Ni 2.13 12.83 15.01 1.12 

Ni 0.00 8.55 17.16 1.12 

Ni 2.13 6.41 0.00 1.24 

Ni 4.25 12.83 8.58 1.17 

Ni 8.51 14.97 10.72 1.18 

Ni 0.00 2.14 10.72 1.24 

Ni 2.13 14.97 17.16 1.18 

Ni 8.51 2.14 10.72 1.25 

Ni 6.38 10.69 17.16 1.15 

Ni 8.51 12.83 17.16 1.16 

Ni 0.00 0.00 17.16 1.15 

Ni 6.38 4.28 2.14 1.18 

Ni 0.00 10.69 2.14 1.22 

Ni 4.25 2.14 10.72 1.27 

Ni 8.51 2.14 15.01 1.20 

Ni 4.25 14.97 19.30 1.19 

Ni 8.51 0.00 0.00 1.23 

Ni 4.25 10.69 2.14 1.21 

Ni 6.38 12.83 2.14 1.18 

Ni 0.00 2.14 2.14 1.13 

Cu 2.13 4.28 10.72 0.89 

Cu 0.00 12.83 4.29 0.91 

Cu 10.63 8.55 6.43 0.86 

Cu 8.51 4.28 8.58 0.82 

Cu 10.63 4.28 10.72 0.94 

Cu 0.00 4.28 12.87 0.96 

Cu 2.13 6.41 12.87 0.91 

Cu 4.25 8.55 4.29 0.87 

Cu 0.00 10.69 10.72 0.85 

Cu 0.00 8.55 12.87 0.89 

Cu 0.00 4.28 17.16 0.90 

Cu 0.00 2.14 6.43 0.86 

Cu 0.00 14.97 10.72 0.79 

Cu 2.13 0.00 10.72 0.84 

Cu 4.25 4.28 12.87 0.85 

Cu 10.63 10.69 12.87 0.77 
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Cu 8.51 4.28 17.16 0.95 

Cu 4.25 0.00 4.29 0.85 

Cu 6.38 2.14 4.29 0.92 

Cu 2.13 2.14 12.87 0.89 

Cu 6.38 4.28 19.30 0.94 

Cu 2.13 10.69 0.00 0.85 

Cu 10.63 4.28 2.14 0.79 

Cu 0.00 6.41 2.14 0.85 

Cu 6.38 2.14 8.58 0.83 

Cu 4.25 6.41 19.30 0.91 

Cu 2.13 0.00 19.30 0.77 

Cu 4.25 4.28 0.00 0.88 

Cu 10.63 10.69 0.00 0.83 

Cu 6.38 2.14 12.87 0.84 

Cu 6.38 0.00 15.01 0.87 

Cu 8.51 0.00 17.16 0.92 

Cu 4.25 10.69 19.30 0.85 

Cu 6.38 12.83 19.30 0.94 

Cu 6.38 10.69 0.00 0.98 

Cu 4.25 6.41 2.14 0.92 

Cu 8.51 2.14 19.30 0.93 

Cu 6.38 14.97 0.00 0.85 

Cu 8.51 2.14 2.14 0.85 

Cu 4.25 2.14 2.14 0.89 

Zn 2.13 6.41 4.29 1.19 

Zn 10.63 4.28 6.43 1.17 

Zn 0.00 6.41 6.43 1.17 

Zn 10.63 10.69 4.29 1.18 

Zn 6.38 4.28 6.43 1.19 

Zn 10.63 6.41 8.58 1.20 

Zn 6.38 10.69 4.29 1.18 

Zn 4.25 6.41 6.43 1.17 

Zn 6.38 8.55 6.43 1.17 

Zn 0.00 14.97 6.43 1.16 

Zn 2.13 12.83 10.72 1.14 

Zn 10.63 6.41 12.87 1.17 

Zn 10.63 4.28 15.01 1.19 

Zn 4.25 12.83 4.29 1.15 

Zn 8.51 10.69 10.72 1.13 

Zn 6.38 6.41 12.87 1.15 

Zn 2.13 14.97 12.87 1.18 

Zn 10.63 6.41 17.16 1.18 

Zn 2.13 8.55 19.30 1.18 

Zn 6.38 14.97 8.58 1.16 

Zn 4.25 8.55 12.87 1.16 
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Zn 8.51 12.83 12.87 1.17 

Zn 4.25 6.41 15.01 1.17 

Zn 0.00 14.97 15.01 1.16 

Zn 6.38 6.41 17.16 1.18 

Zn 2.13 8.55 2.14 1.21 

Zn 4.25 2.14 6.43 1.17 

Zn 4.25 0.00 8.58 1.18 

Zn 4.25 14.97 10.72 1.12 

Zn 2.13 2.14 17.16 1.17 

Zn 8.51 10.69 19.30 1.18 

Zn 10.63 12.83 19.30 1.17 

Zn 6.38 6.41 0.00 1.15 

Zn 8.51 8.55 0.00 1.15 

Zn 6.38 14.97 17.16 1.19 

Zn 8.51 14.97 19.30 1.19 

Zn 6.38 8.55 2.14 1.19 

Zn 2.13 0.00 2.14 1.17 

Zn 4.25 0.00 17.16 1.18 

Zn 10.63 2.14 0.00 1.17 

O 10.63 2.14 2.14 -1.17 

O 0.00 4.28 2.14 -1.23 

O 0.00 2.14 4.29 -1.30 

O 6.38 2.14 2.14 -1.29 

O 8.51 4.28 2.14 -1.23 

O 10.63 6.41 2.14 -1.19 

O 0.00 8.55 2.14 -1.21 

O 8.51 2.14 4.29 -1.24 

O 10.63 4.28 4.29 -1.18 

O 0.00 6.41 4.29 -1.19 

O 10.63 2.14 6.43 -1.26 

O 0.00 4.28 6.43 -1.24 

O 0.00 2.14 8.58 -1.31 

O 2.13 2.14 2.14 -1.22 

O 4.25 4.28 2.14 -1.15 

O 6.38 6.41 2.14 -1.17 

O 8.51 8.55 2.14 -1.21 

O 10.63 10.69 2.14 -1.25 

O 0.00 12.83 2.14 -1.37 

O 4.25 2.14 4.29 -1.16 

O 6.38 4.28 4.29 -1.23 

O 8.51 6.41 4.29 -1.27 

O 10.63 8.55 4.29 -1.25 

O 0.00 10.69 4.29 -1.30 

O 6.38 2.14 6.43 -1.17 

O 8.51 4.28 6.43 -1.18 
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O 10.63 6.41 6.43 -1.22 

O 0.00 8.55 6.43 -1.29 

O 8.51 2.14 8.58 -1.30 

O 10.63 4.28 8.58 -1.23 

O 0.00 6.41 8.58 -1.20 

O 10.63 2.14 10.72 -1.36 

O 0.00 4.28 10.72 -1.13 

O 0.00 2.14 12.87 -1.30 

O 2.13 6.41 2.14 -1.19 

O 4.25 8.55 2.14 -1.20 

O 6.38 10.69 2.14 -1.17 

O 8.51 12.83 2.14 -1.29 

O 10.63 14.97 2.14 -1.40 

O 0.00 0.00 2.14 -1.40 

O 2.13 4.28 4.29 -1.26 

O 4.25 6.41 4.29 -1.17 

O 6.38 8.55 4.29 -1.22 

O 8.51 10.69 4.29 -1.24 

O 10.63 12.83 4.29 -1.26 

O 0.00 14.97 4.29 -1.44 

O 2.13 2.14 6.43 -1.24 

O 4.25 4.28 6.43 -1.26 

O 6.38 6.41 6.43 -1.28 

O 8.51 8.55 6.43 -1.24 

O 10.63 10.69 6.43 -1.35 

O 0.00 12.83 6.43 -1.37 

O 4.25 2.14 8.58 -1.23 

O 6.38 4.28 8.58 -1.30 

O 8.51 6.41 8.58 -1.35 

O 10.63 8.55 8.58 -1.30 

O 0.00 10.69 8.58 -1.42 

O 6.38 2.14 10.72 -1.19 

O 8.51 4.28 10.72 -1.22 

O 10.63 6.41 10.72 -1.25 

O 0.00 8.55 10.72 -1.17 

O 8.51 2.14 12.87 -1.23 

O 10.63 4.28 12.87 -1.14 

O 0.00 6.41 12.87 -1.13 

O 10.63 2.14 15.01 -1.32 

O 0.00 4.28 15.01 -1.17 

O 0.00 2.14 17.16 -1.24 

O 2.13 10.69 2.14 -1.17 

O 4.25 12.83 2.14 -1.36 

O 6.38 14.97 2.14 -1.31 

O 8.51 0.00 2.14 -1.38 
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O 2.13 8.55 4.29 -1.22 

O 4.25 10.69 4.29 -1.23 

O 6.38 12.83 4.29 -1.29 

O 8.51 14.97 4.29 -1.38 

O 10.63 0.00 4.29 -1.39 

O 2.13 6.41 6.43 -1.24 

O 4.25 8.55 6.43 -1.25 

O 6.38 10.69 6.43 -1.33 

O 8.51 12.83 6.43 -1.40 

O 10.63 14.97 6.43 -1.31 

O 0.00 0.00 6.43 -1.31 

O 2.13 4.28 8.58 -1.21 

O 4.25 6.41 8.58 -1.36 

O 6.38 8.55 8.58 -1.29 

O 8.51 10.69 8.58 -1.27 

O 10.63 12.83 8.58 -1.39 

O 0.00 14.97 8.58 -1.26 

O 2.13 2.14 10.72 -1.16 

O 4.25 4.28 10.72 -1.22 

O 6.38 6.41 10.72 -1.43 

O 8.51 8.55 10.72 -1.36 

O 10.63 10.69 10.72 -1.25 

O 0.00 12.83 10.72 -1.25 

O 4.25 2.14 12.87 -1.20 

O 6.38 4.28 12.87 -1.28 

O 8.51 6.41 12.87 -1.42 

O 10.63 8.55 12.87 -1.29 

O 0.00 10.69 12.87 -1.25 

O 6.38 2.14 15.01 -1.24 

O 8.51 4.28 15.01 -1.38 

O 10.63 6.41 15.01 -1.31 

O 0.00 8.55 15.01 -1.19 

O 8.51 2.14 17.16 -1.19 

O 10.63 4.28 17.16 -1.24 

O 0.00 6.41 17.16 -1.23 

O 10.63 2.14 19.30 -1.28 

O 0.00 4.28 19.30 -1.33 

O 0.00 2.14 0.00 -1.22 

O 2.13 14.97 2.14 -1.48 

O 4.25 0.00 2.14 -1.32 

O 2.13 12.83 4.29 -1.29 

O 4.25 14.97 4.29 -1.37 

O 6.38 0.00 4.29 -1.36 

O 2.13 10.69 6.43 -1.32 

O 4.25 12.83 6.43 -1.35 
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O 6.38 14.97 6.43 -1.40 

O 8.51 0.00 6.43 -1.40 

O 2.13 8.55 8.58 -1.21 

O 4.25 10.69 8.58 -1.22 

O 6.38 12.83 8.58 -1.35 

O 8.51 14.97 8.58 -1.32 

O 10.63 0.00 8.58 -1.35 

O 2.13 6.41 10.72 -1.27 

O 4.25 8.55 10.72 -1.27 

O 6.38 10.69 10.72 -1.37 

O 8.51 12.83 10.72 -1.26 

O 10.63 14.97 10.72 -1.26 

O 0.00 0.00 10.72 -1.32 

O 2.13 4.28 12.87 -1.08 

O 4.25 6.41 12.87 -1.24 

O 6.38 8.55 12.87 -1.46 

O 8.51 10.69 12.87 -1.34 

O 10.63 12.83 12.87 -1.32 

O 0.00 14.97 12.87 -1.25 

O 2.13 2.14 15.01 -1.21 

O 4.25 4.28 15.01 -1.34 

O 6.38 6.41 15.01 -1.45 

O 8.51 8.55 15.01 -1.45 

O 10.63 10.69 15.01 -1.31 

O 0.00 12.83 15.01 -1.35 

O 4.25 2.14 17.16 -1.36 

O 6.38 4.28 17.16 -1.33 

O 8.51 6.41 17.16 -1.35 

O 10.63 8.55 17.16 -1.32 

O 0.00 10.69 17.16 -1.35 

O 6.38 2.14 19.30 -1.34 

O 8.51 4.28 19.30 -1.37 

O 10.63 6.41 19.30 -1.43 

O 0.00 8.55 19.30 -1.35 

O 8.51 2.14 0.00 -1.22 

O 10.63 4.28 0.00 -1.29 

O 0.00 6.41 0.00 -1.21 

O 2.13 0.00 4.29 -1.39 

O 2.13 14.97 6.43 -1.32 

O 4.25 0.00 6.43 -1.27 

O 2.13 12.83 8.58 -1.27 

O 4.25 14.97 8.58 -1.20 

O 6.38 0.00 8.58 -1.21 

O 2.13 10.69 10.72 -1.28 

O 4.25 12.83 10.72 -1.30 
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O 6.38 14.97 10.72 -1.28 

O 8.51 0.00 10.72 -1.28 

O 2.13 8.55 12.87 -1.27 

O 4.25 10.69 12.87 -1.45 

O 6.38 12.83 12.87 -1.46 

O 8.51 14.97 12.87 -1.26 

O 10.63 0.00 12.87 -1.46 

O 2.13 6.41 15.01 -1.20 

O 4.25 8.55 15.01 -1.41 

O 6.38 10.69 15.01 -1.55 

O 8.51 12.83 15.01 -1.41 

O 10.63 14.97 15.01 -1.46 

O 0.00 0.00 15.01 -1.37 

O 2.13 4.28 17.16 -1.33 

O 4.25 6.41 17.16 -1.26 

O 6.38 8.55 17.16 -1.36 

O 8.51 10.69 17.16 -1.27 

O 10.63 12.83 17.16 -1.40 

O 0.00 14.97 17.16 -1.33 

O 2.13 2.14 19.30 -1.30 

O 4.25 4.28 19.30 -1.29 

O 6.38 6.41 19.30 -1.33 

O 8.51 8.55 19.30 -1.42 

O 10.63 10.69 19.30 -1.33 

O 0.00 12.83 19.30 -1.35 

O 4.25 2.14 0.00 -1.34 

O 6.38 4.28 0.00 -1.23 

O 8.51 6.41 0.00 -1.27 

O 10.63 8.55 0.00 -1.28 

O 0.00 10.69 0.00 -1.27 

O 2.13 0.00 8.58 -1.19 

O 2.13 14.97 10.72 -1.15 

O 4.25 0.00 10.72 -1.17 

O 2.13 12.83 12.87 -1.27 

O 4.25 14.97 12.87 -1.24 

O 6.38 0.00 12.87 -1.18 

O 2.13 10.69 15.01 -1.41 

O 4.25 12.83 15.01 -1.40 

O 6.38 14.97 15.01 -1.34 

O 8.51 0.00 15.01 -1.31 

O 2.13 8.55 17.16 -1.28 

O 4.25 10.69 17.16 -1.30 

O 6.38 12.83 17.16 -1.27 

O 8.51 14.97 17.16 -1.30 

O 10.63 0.00 17.16 -1.37 



 

 

168 

 

O 2.13 6.41 19.30 -1.23 

O 4.25 8.55 19.30 -1.23 

O 6.38 10.69 19.30 -1.21 

O 8.51 12.83 19.30 -1.18 

O 10.63 14.97 19.30 -1.32 

O 0.00 0.00 19.30 -1.26 

O 2.13 4.28 0.00 -1.18 

O 4.25 6.41 0.00 -1.14 

O 6.38 8.55 0.00 -1.24 

O 8.51 10.69 0.00 -1.15 

O 10.63 12.83 0.00 -1.27 

O 0.00 14.97 0.00 -1.32 

O 2.13 0.00 12.87 -1.25 

O 2.13 14.97 15.01 -1.26 

O 4.25 0.00 15.01 -1.27 

O 2.13 12.83 17.16 -1.33 

O 4.25 14.97 17.16 -1.25 

O 6.38 0.00 17.16 -1.22 

O 2.13 10.69 19.30 -1.33 

O 4.25 12.83 19.30 -1.35 

O 6.38 14.97 19.30 -1.15 

O 8.51 0.00 19.30 -1.22 

O 2.13 8.55 0.00 -1.17 

O 4.25 10.69 0.00 -1.21 

O 6.38 12.83 0.00 -1.22 

O 8.51 14.97 0.00 -1.18 

O 10.63 0.00 0.00 -1.22 

O 2.13 0.00 17.16 -1.17 

O 2.13 14.97 19.30 -1.33 

O 4.25 0.00 19.30 -1.31 

O 2.13 12.83 0.00 -1.35 

O 4.25 14.97 0.00 -1.34 

O 6.38 0.00 0.00 -1.34 

O 2.13 0.00 0.00 -1.22 

 


