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Abstract

Elastic properties of Heusler alloys by ab initio theory
and lattice dynamics of graphene

Björn Rosén, Harald Carlstrand, Helena Andersson

This study investigates elastic properties and lattice dynamics of promising
compounds such as Heusler alloys and 2D graphene using Density Functional Theory
(DFT). Simulations have been done in the software Quantum Espresso (Q.E) to
produce a good model for the different solids. The lattice dynamics and elastic
properties 
have been compared to experimental data 
where possible. In conclusion, the systems are stable and provide good candidates for
future applications. 
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Populärvetenskaplig sammanfattning
I detta projekt har olika egenskaper hos ett antal grundämnen och kemiska föreningar 
studerats. Det som främst har undersökts är materialens elektroniska egenskaper, 
elastiska egenskaper och hur vibrationer sprids i materialen. 

Många fasta material har speciella strukturer som upprepas för att bygga upp en solid 
kropp. Dessa strukturer kallas ofta kristaller och finns i flera olika konstellationer. I detta 
projekt har vi studerat grafen och olika metalliska material av en speciell typ, kallad 
Heuslerlegeringar. Grafen är ett nytt och revolutionerande material, som man fick 
Nobelpriset för 2010. Ämnet har fantastiska egenskaper, så som att det är mycket lätt, 
böjbart, leder ström mycket bra samt att det är 200 gånger starkare än stål. Därför satsas 
det på att använda grafen för att utveckla lätta och bränslesnåla flygplan samt att förbättra 
olika elektroniska komponenter. Heuslerlegeringar är en grupp ämnen med många 
lovande egenskaper, till exempel goda magnetiska egenskaper och en god ström- och 
värmeledningsförmåga. Det bedrivs mycket forskning på dessa ämnen och de används i 
dag främst inom datalagring.

Hur dessa material beter sig kan beskrivas med en kvantmekanisk ekvation, 
Schrödingerekvationen, som ger en bra modell över systemet. I fasta material som består 
av många partiklar blir det systemet oerhört stort och svårberäknat, vilket gör metoden 
långsam och i praktiska fall ofta ohanterlig. Täthetsfunktionalteori (DFT, efter engelskans 
Density Functional Theory), är en ny metod för att modellera fasta material och större 
system av partiklar. DFT utgår ifrån att alla system kan beskrivas korrekt med de ingående
partiklarnas densitet. Systemets totala energi är då en funktional, “en funktion av en 
funktion”, av denna densitet. I detta projekt har DFT använts för att studera material i 
simuleringsprogrammet Quantum Espresso (Q.E). För att använda Q.E för att simulera en 
fast kropp behövs två pusselbitar; vilken struktur atomerna sitter i och vilken typ av atomer 
det är. 

De system som studerats här är en Heuslerlegering (Litium-Magnesium-Kväve) och grafen
bestående av kolatomer som är placerade i ett hönsnätsmönster endast ett atomlager 
tjockt. Deras atomstruktur har studerats och viktiga materialegenskaper har beräknats, så 
som elastiska egenskaper och hur vibrationer sprids i materialet. Det första steget i 
modelleringen var att beräkna atomernas avstånd från varandra, latticeparametern. 
Avståndet kan varieras, men “rätt” avstånd inträffar då totalenergin blir som lägst. Nästa 
steg är att undersöka hur vibrationer sprids i materialet, även kallat fononspridning. På 
grund av symmetri i materialet behöver beräkningarna endast göras i ett fåtal punkter och 
utifrån det kan man sedan se hur vibrationerna sprids längs med olika riktningar i 
materialet. Utifrån detta kan många viktiga materialegenskaper beräknas, som elastiska 
egenskaper, värmeledning och magnetiska egenskaper. 

I undersökningarna erhölls rimliga värden på såväl latticeparametern och de elastiska 
parametrarna, även grafer över fononspridningen överensstämde med tidigare utförda 
experiment. Eftersom värdena från simuleringarna som gjordes överensstämde med de 
experimentella värdena så är detta en fungerande metod för att undersöka dessa 
egenskaper. 
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1 Introduction
This project studies lattice dymanics of two systems; a half Heusler alloy LiMgN and a 2D-
layer Graphene sheet. The method is ab initio, first principle, and based on the use of 
Density Functional Theory (DFT) and Density Functional Perturbation Theory (DFPT). 
Investigation of these materials builds a base for numerous future applications in 
thermoelectricity and solid state physics.

As graphene is a relative new material with unique properties it can lead to a revolution in 
different technology areas. Composite materials is one field of application where it for 
example can be mixed with plastic and be used in the manufacture of aircrafts and cars to 
make them lighter and also more fuel efficient. It is also a good combination due to 
graphene's conductive capacity. Graphene's application in electrochemistry is interesting. 
Batteries, fuel cells and supercapacitors based on graphene is therefore another 
application. In electronics graphene can be used in nano-scale electronics for example 
nanodiodes and transistors. [1]

Heusler alloys are promising materials for further technological applications in the future. 
Due to their outstanding thermodynamic and magnetic properties, Heusler alloys are of 
utmost importance in the developing research area of spintronics, i.e. spin electronics. 
Heusler alloys are to be used as functional materials in large scale data storage devices, 
magnetic tunnel junctions and spin-transfer torque devices. A certain type of half Heusler 
alloys, called topological insulators, have proven to be excellent candidates for data 
storage applications due to the fact that the band gaps of those alloys can be modified in 
electric and magnetic fields. [2] 

2 Theory

2.1 Solid state physics

2.1.1 Lattice

A lattice is a three-dimensional array of points, which are periodically repeated in space. A 
closely related concept is the basis, which refers to a group of atoms around a lattice point.
The lattice and the basis together form the crystal structure. 

The lattice parameter, also called lattice constant, (unit Ångström, Å) determines the least 
distance between the atoms in a solid. Each solid has a characteristic value of the lattice 
parameter. 

2.1.2 Crystal structure

Each solid is characterized by its crystal structure. The crystal structure describes the way 
atoms are organized in a solid. The atoms form a certain pattern, which is periodically 
repeated in the entire crystal structure.

There are a few standard three-dimensional crystal structures. Firstly, there is the simple 
cubic lattice (sc). The simple cubic lattice means that the atoms are located in the corners 
of the unit cell. Secondly, there is the face-centered cubic lattice (fcc). The face-centered 
cubic lattice means that the atoms are located in corners of the unit cell as well as one 
atom in the middle of each face of the cube. Thirdly, there is the body-centered cubic 
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lattice (bcc). The body-centered cubic lattice means that the atoms are located in corners 
of the unit cell as well as one atom in the center of the cube. 
Hexagonal close packed structure (hcp) is another simple crystal structure. The hcp 
structure is along with fcc the most efficient ways of packing atoms in space. Diamond 
structure is a type of fcc structure, where the basis consists of two carbon atoms. Hence 
the primitive unit cell of the diamond structure consists of two atoms. A primitive unit cell is 
the smallest possible subdivision of a solid. The number of atoms in the primitive unit cell 
varies depending on the crystal structure.

2.1.3 Reciprocal space

Reciprocal space is defined as the Fourier transform of real space. Therefore reciprocal 
space can be viewed as an inverse of real space. The reciprocal space is constructed 
using reciprocal lattice vectors, which correspond to lattice vectors in real space through 
the Fourier transform. Other names for reciprocal space are k-space and momentum 
space.

2.1.4 Brillouin zone

A Wigner-Seitz cell is defined as the points in space which all have the least distance to 
the same lattice point. Brillouin zones are certain zones in reciprocal space. The first 
Brillouin zone is defined as a Wigner-Seitz cell in reciprocal space. 

Brillouin zones are providing an interpretation to the diffraction phenomenon. Bragg 
planes, which are located in reciprocal space, are bisectors to reciprocal vectors. When 
the end of a wave vector touches a Bragg plane, diffraction occurs. [3]

2.2 Electronic and phonon properties

2.2.1 Electronic dispersion, Band structure

Band structure or electronic dispersion describes which energies that are allowed for 
electrons in a certain material. The bands are separated by forbidden regions in energy. 
Energies that are not allowed are called energy gaps or band gaps. No wavelike electron 
orbital exists in these regions. 

An insulator has either energy bands filled with electrons or no electrons at all. This leads 
to that no electrons can move in an electric field, because the internal charges do not flow 
freely. There is no perfect insulator, but some materials that are good insulators with high 
resistivity are paper, glass and teflon. If the bands on the other hand are more than partly 
filled with electrons the crystal behaves like a metal and if one or two bands are slightly 
filled or slightly empty the crystal behaves like a semiconductor or semimetal.

Determining whether a solid is an insulator or a conductor has significance in the energy 
gap. The nearly free electron model can explain the band structure of a crystal. Energy 
gaps is caused by the Bragg reflection of electron waves in crystals. At k=± π/a the first 
energy gap occurs, where k is the wavevector. This is also where the first reflection is. The
first Brillouin zone of this lattice is the area that  ± π/a spans.
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2.2.2 Density of states

The density of states for a system describes the number of electron states available to be 
occupied at each energy level. The density of states is commonly plotted as a function of 
energy. As described in the band structure section, certain energy bands are not allowed 
for electron occupancy in semiconductors (band gaps). Band structure and density of 
states can be measured by angle resolved photoemission and valence band 
photoemission experiments.

2.2.3 Phonon dispersion, Crystal vibrations

The biggest difference between electronic dispersion and phononic dispersion is that 
electrons are fermions and phonons are bosons. The electrons obey the Pauli's exclusion 
principle that says that only one electron can occupy one quantum state at the same time.

A phonon is a quantum unit of a crystal vibration. ω is the angular frequency and ħω the 
energy. In the first Brillouin zone in reciprocal space all elastic waves can be described by 
wave vectors. The phonon dispersion relation says that if the primitive cell has p atoms, 
the phonon dispersion relation will have 3 acoustical phonon branches and 3p-3 optical 
branches. The optical phonons are characterized by the fact that the ions are placed next 
to each other and move in opposite directions around their state of equilibrium. The 
acoustic phonons on the other hand are characterized by the fact that the ions spread in 
the same direction. Both the transverse optical and transverse acoustic phonons move 
perpendicular to the direction of the dispersion and the longitudinal phonons move parallel 
to the direction of the dispersion.

Monoatomic bases:
Phonons can be described as elastic waves. The wave is described with frequencies in 
terms of the wave vector. In a cubic crystal the wave propagates in the directions [1 0 0], 
[1 1 0] and [1 1 1]. When the wave propagates in one of these directions the entire plane 
of atoms moves in phase either parallel or perpendicular to the wave vector. In a 2D 
Brillouin zone of a hexagonal lattice the symmetry directions are between Γ , M and K. This
is nomencalture related to graphene's electonic structure, where K is the Dirac point.

Two or more atoms per primitive cell:
In crystals with two or more atoms per primitive cell the phonon dispersion shows new 
features. In a given propagation direction ω and K develops 3 p branches for each 
polarization mode. 3 of these are acoustical and 3p-3 are optical branches. For example a 
crystal with 2 atoms in a primitive cell has six branches, one acoustic and one optical 
longitudinal, two acoustic and two optical transverse modes. The phonon dispersion 
relations ω(k) is often determined by inelastic scattering of neutrons with the emission or 
absorption of a phonon and is plotted ω versus K. [3][4]

2.3 Density functional theory

In 1998, Walter Kohn was awarded the Nobel Prize in Chemistry for his development of DFT. 
DFT is a method for modeling physical systems that is based using a functional, a ‘function
of a function’, with the electronic density as the dependent function. Here the electronic 
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density as a function describes the probability of finding the particle in a small space. DFT 
is supported by two important theorems, postulated by Hohenberg and Kohn, that justify 
the method: 

1. For any system of interacting particles, the ground state properties are determined by 
an unique electron density
2. The ground state corresponds to the minimum of the energy in the system. [5]

When calculating properties of solids one important interaction to take into account is the 
Coulomb force, that acts between proton-proton, proton-electron and electron-electron. An 
important approximation needed for modelling is to view the protons as fixed and the 
electrons as an electron gas spread in the system. The proton-proton and proton-electron 
interaction are then easily modelled. The electron-electron interaction is harder to model, 
and many different approximations are used today, for example Local-density 
approximation and Generalised Gradient Approximation. Generalised Gradient 
Approximation was used in this project.

Density functional perturbation theory is a method well suited for modelling the phonons in 
a system, a system where the particles are in motion. For this approach to be useful a 
small perturbation is needed, where one atom is slightly displaced. [6]

2.4 Elastic properties

Elastic properties in general describes how well the system withstand deformation when 
exposed to an external force. The knowledge of the elastic properties is crucial for many 
applications. In this project the elastic constants C11 (Young’s modulus for longitudinal 
compression), C12 (transverse expansion) and C44 (Shear modulus) are calculated with use
of the phonon dispersion.

Formulas used:

1
2
(C11−C 12)=(

d (ωTA2)

d (k )
)

2

 (1)

ωTA2 from higher transverse acoustic branch.

1
2
(C11+C12+2C44)=(

d (ωLA)

d (k )
)

2

 (2)

ωLA from lower transverse acoustic branch.

C44=(
d (ωTA1)

d (k )
)

2

 (3)

ωTA1 from longitudinal acoustic branch
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The calculations have been done with the linear approximation:

d (ωx
2
)

d (k 2
)
=ρ

(ωx1−ωx2)
2

(k 1−k 2)
2  (4)

ρ: density of the system
k2, k2: wave vectors in the [0 0 0] to [1 1 0] direction
w1, w2: angular frequency corresponding to k1 and k2

2.5 Heusler alloys

Heusler alloys are metallic alloys with magnetic properties. Intense research on these 
alloys has been carried out for more than 100 years and currently more than 1000 Heusler
alloys are known. The Heusler alloys possess a lot of interesting properties and are to be 
useful in many applications. Half-Heusler alloys, inverse Heusler and full Heusler alloys 
are subgroups of the Heusler alloys. [7] 

For example inverse Heusler has a fcc structure shown below. The green (first Mn), red 
(second Mn), brown (Ga) and blue (Ni) spheres represent the positions of the atoms in the 
structure.

2.5.1 Half Heusler alloy

Half Heusler alloys are a subgroup of the Heusler group with a unit cell consisting of only 
three atoms, instead of four as in the full Heusler. The half Heusler alloys are stable even 
with large temperature fluctuations and are thereby interesting to study for their 
thermoelectric potential [9]. It is a semiconducting alloy, often with band gaps. The half 
Heusler alloy studied in this project is fcc LiMgN.

2.5.2 Inverse Heusler alloy

Inverse Heusler alloys constitute a subgroup of the full Heusler alloys. An inverse Heusler 
alloy contains three different elements, but the unit cell consists of four atoms. Hence, 
these alloys are characterized by the chemical formula X2YZ. Mn2NiGa was studied 
because of its electronic and phononic properties.
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Figure 1: Two structures of inverse Heusler alloys where (a) is in 
austentic phase and (b) is martensitic phase [8]



2.6 Graphene

Graphene, both monolayer and few-layer, have attracted great attention the last years due 
to the materials unusual properties. In 2010 Andre Geim and Konstantin Novoselov got the
Nobel Prize for their discovery of the material.

Graphene is an allotrope of the element carbon. In nature it is found in graphite, that is 
built up by millions of layers of graphene. The material is very thin, only one atom layer 
thick, and the atoms are ordered in a hexagonal pattern. This gives the material its unique 
properties. Its energy bands touch each other instead of overlap as the bands do in a  
semiconductor. The fermilevel can be affected by a electrical field. In addition to good 
electrical conductivity the material is also very strong, flexible and transparent. [10]

Graphene has a hcp structure shown below.

The vibrational properties and phonon spectra are also of interest besides the electronic 
structure. The phonon dispersion can be investigated using DFPT. [12][13]

2.7 Quantum espresso

The simulations in Q.E can be done with knowledge of the lattice structure, knowledge of 
which atoms that are in the system and potential files containing the density functions of 
the specific atoms.

The equilibrium lattice parameter is calculated with self-consistency calculations in Q.E. In 
Q.E the parameter celldm represents the lattice parameter in atomic units for the tested 
solids. The value of celldm is specified in the input file for the self-consistency calculation.

Cutoff energy is the energy needed to get an accurate value of the total energy for a solid. 
It is the maximum kinetic energy of the plane waves considered as the basis to expand the
wavefunction. In Q.E the total energy for a system is calculated using different values of 
the parameter ecutwfc, which is the cutoff energy for the pseudopotentials. The value of 
ecutwfc is specified in the input file for the self-consistency calculation.
The number of k-points used tells Q.E how to divide the Brillouin zone to perform 
calculations, especially integrations in the k-space. The number of k-points specified in the
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input file is converted to a mesh that gives the simulation a higher precision. For the solids 
in this project a symmetrical 3D mesh was used.

The number of q-points was chosen in accordance with the number of atoms in the unit 
cell. A mesh of q-points is used in order to calculate phononic dispersion in Q. E. 
Dynamical matrices are produced with the help of this q-point mesh.

Interatomic force constants are used to calculate phonon dispersion in Q.E. The force 
constant was calculated in real space using the dynamical matrices produced in Q.E. [14]
[15]

3 Method
The main method in this project was computer simulations using the software Quantum 
Espresso.

The first step is to determine the optimal lattice parameter with a self consistency test. This
is done by varying the lattice parameter and interpolate to find where the energy is 
minimized. To make sure the lattice parameter has high precision two parameters must be 
optimized; cutoff energy and number of k-points. Both parameters are optimized by 
changing the values and measuring their corresponding total energy. The optimal values 
are those where the energy has converged.

The second step is to determine the phonon dispersion of the system. This is done by 
generating a mesh in the Brillouin zone around the system. 4x4x4 and 10x10x1 are used 
in this project for Heusler alloys and graphene respectively. In this mesh Q.E. determines a
number of points in which to calculate dynamical matrices. These are used to calculate the
force constants in real space. The force constants are then interpolated in reciprocal space
as phonon frequencies.

Elastic properties can thereby be calculated by using the phonon dispersion. This is done 
by choosing two points close to the gamma point [0 0 0] along the direction [1 1 0]. Here, 
0.01 and 0.02 was used. These points and their respective frequencies can then be used 
to calculate the elastic constants; C11 - Young's modulus, C12 - modulus for transverse 
expansion and C44 - Shear modulus with equation (1), (2) and (3). 

Cu, Fe, Ni, Diamond, Si, Pd were used as test cases. Electronic properties, magnetization 
and phonon properties were determined. Plots for Cu and Fe are presented.

Inverse Heusler Mn2NiGa, half Heusler LiMgN and 2D graphene were studied. The 
simulations performed were electronic properties, phonon properties and for half Heusler 
LiMgN the elastic constants was calculated.

11



4 Results

4.1 Test cases

The results from the test cases are shown in Table 1.

Table 1: Results for fcc Cu and bcc Fe

Ecut [Ry] # of k-points Simulated lattice [Å] Experimental lattice [Å]

Copper 50 31 3.661 3.610 [3]

Iron 60 30 2.854 2.866 [3]

The studies of fcc Cu and bcc Fe was performed to confirm the validity of the methods 
used. The lattice parameters correspond well to known data that supports the use of Q.E 
and the methods used.

4.1.1 Copper

Figure 3 shows the total energy versus the ecut for fcc Cu. In the figure one can see that 
the cutoff energy converges at ecut=50 Ry.

Figure 4 shows the total energy versus number of k-points for fcc Cu. In the figure one can
see that the number of k-points used in the mesh by Q.E converges at k-points=816, 
which corresponds to k-points=31 used in the input file.

12

Figure 3: Total energy vs. ecut for fcc Cu



Figure 5 shows the total energy versus equilibrium lattice parameter for fcc Cu. In the 
figure one can see that the minimum value for the lattice parameter occurs at 3.661 Å. The
experimental value is 3.610 Å [3]. The simulated value for the lattice parameter differs from
the experimental value with +1.4 %.

13

Figure 4: Total energy vs. number of k-points for fcc Cu

Figure 5: Total energy vs. lattice parameter for fcc Cu



Figure 6 shows the phonon dispersion for fcc Cu with the three acoustical branches. Since
fcc Cu only has one atom in the primitive cell there are no optical phonons. The yellow 
phonon is the longitudinal and the other are the lower transverse branch and the higher 
transverse branch.

4.1.2 Iron

Figure 7 shows the total energy versus the ecut for iron. In the figure one can see that the 
total energy converges at ecut=60 Ry.
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Figure 6: Frequency vs. wavevector for fcc Cu

Figure 7: Total energy vs. ecut for bcc Fe



Figure 8 shows the total energy versus number of k-points for bcc Fe. In the figure one can
see that the number of k-points used in the mesh by Q.E converges at k-points=1504, 
which corresponds to k-points=30 used in the input file.

Figure 9 shows the total energy versus equilibrium lattice parameter for bcc Fe. In the 
figure one can see that the minimum value for the lattice parameter occurs at 2.854 Å. The
experimental value is 2.866 Å [3]. The simulated value for the lattice parameter differs from
the experimental value with -0.4 %.
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Figure 8: Total energy vs. number of k-points for bcc Fe

Figure 9: Total energy vs. lattice parameter for bcc Fe



Figure 10 shows the total and absolute magnetization for bcc Fe. One can see from the 
figure that the magnetization increases with a higher lattice parameter.

4.2 Specializations

The results from our specializations are shown in Table 2.

Table 2: Results for 2D graphene, Half Heusler LiMgN and Inverse Heusler Mn2NiGa 

Ecut [Ry] K-points Simulated lattice [Å] Experimental lattice [Å]

2D graphene 50 17 1.429 1.42 [16]

Half Heusler 
LiMgN

60 8 5.036 4.970 [17]

Inverse Heusler 
Mn2NiGa

95 11 5.851 5.847 [16]

4.2.1 2D graphene

Figure 11 shows the total energy versus the ecut for 2D graphene. In the figure one can 
see that the cutoff energy converges at ecut=50 Ry.
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Figure 10: Magnetization vs. lattice parameter for bcc Fe



Figure 12 shows the total energy versus number of k-points for 2D graphene. In the figure 
one can see that the number of k-points used in the mesh by Q.E converges at k-
points=81, which corresponds to k-points=17 used in the input file.

Figure 13 shows the total energy versus equilibrium lattice parameter for 2D graphene. In 
the figure one can see that the minimum value for the lattice parameter occurs at 1.429 Å. 
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Figure 11: Total energy vs. ecut for graphene

Figure 12: Total energy vs. number of k-points for graphene



The experimental value is 1.42 Å [16]. The simulated value for the lattice parameter differs 
from the experimental value with +0.6 %. This corresponds well to experimental data.

Figure 14 shows the phonon dispersion for 2D graphene with both the acoustical and the 
optical branches. This corresponds very well with the results of O. Dubay and G. Kesse's 
work with graphene. [13] It has 6 phonon branches because it has two atoms in the 
primitive cell. The three lower branches are the acoustic phonons and the other three are 
the optical. The red branch is the longitudinal, the green is the higher transverse branch 
and the dark blue is the lower transverse branch.
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Figure 13: Total energy vs. lattice parameter for graphene

Figure 14: Frequency vs. wavevector for graphene



4.2.2 Half Heusler

Figure 15 shows the Total energy versus the ecut for half Heusler LiMgN. In the figure one 
can see that the cutoff energy converges at ecut= 60 Ry.

Figure 16 shows the total energy versus number of k-points for half Heusler LiMgN. In the 
figure one can see that the number of k-points used in the mesh by Q.E converges at k-
points=29, which corresponds to k-points=8 used in the input file.
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Figure 15: Total energy vs. ecut for half Heusler LiMgN

Figure 16: Total energy vs. number of k-points for half Heusler LiMgN



Figure 17 shows the total energy versus equilibrium lattice parameter for half Heusler 
LiMgN. In the figure one can see that the minimum value for the lattice parameter occurs 
at 5.036 Å. The experimental value is 4.970 Å [17]. The simulated value for the lattice 
parameter differs from the experimental value with 1.3 %. This corresponds well to 
experimental data.

Figure 18 shows the phonon dispersion for half Heusler with both the acoustical and the 
optical branches. It has 9 phonon branches because it has three atoms in the primitive 
cell. The three lower branches are the acoustic phonons and the other six are the optical. 
The red branch is the longitudinal, the green is the higher transverse branch and the dark 
blue is the lower transverse branch.

20

Figure 17: Total energy vs. lattice parameter for half Heusler LiMgN

Figure 18: Frequency vs. wavevector for half Heusler LiMgN



Table 3: Results elastic properties half Heusler LiMgN 

Simulated [GPa] 
(this project)

Simulated [GPa]
(M.Santhost et al. [18])

Difference [%]

C11 294.2 242.0 +22

C12 26.1 31.4 -17

C44 93.1 84.6 +10

The simulated values for C11, C12 and C44 found in table 3 are all in the expected range 
of 10’s-100’s of GPa. It is hard to confirm the validity of the values since there are no 
elastic experiments done on this alloy. A comparison can be done with values simulated by
M. Santhost et al. The difference ranges from +22 % to -17 %. Experimental data is 
needed for future analysis.

4.2.3 Inverse Heusler Mn2NiGa

Figure 19 shows the total energy versus equilibrium lattice parameter for half Heusler 
Mn2NiGa. In the figure one can see that the minimum value for the lattice parameter 
occurs at 5.851 Å. The experimental value is 5.847 Å [16]. The simulated value for the 
lattice parameter differs from the experimental value with +0.07 %. This corresponds very 
well to experimental data.
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Figure 19: Total energy vs. lattice parameter for inverse Heusler Mn2NiGa



5 Conclusion
Generally the simulated values corresponded very well to the experimental values for both 
graphene and half Heusler LiMgN. The cutoff energy calculations as well as the k-points 
calculations resulted in good convergence for the total energy. The simulated values of the
lattice parameter also agreed with the experimental values for all the studied materials.

The phonon calculations resulted in plots of the phonon dispersion for graphene and 
LiMgN. These plots contained the acoustical as well as the optical phonons and 
corresponded well to what could be anticipated.

Three elastic properties; C11, C12 and C44, were calculated for the Heusler alloys LiMgN. The
values of the elastic properties deviated slightly from the experimental data. 

Since the simulated values corresponds well to the experimental values one can say that 
Quantum Espresso is a good tool for this types of calculations. Simulations in Quantum 
Espresso is therefore a good alternative to laboratory experiments. 
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7. Appendix
Various input files

7.1 Input file for scf-test (pw.x):

&control
calculation='scf'
restart_mode='from_scratch'
pseudo_dir = '../Pseudo'
outdir='./'
prefix='cu'
/
&system
ibrav= 2
celldm(1)=7.4
nat= 1
ntyp= 1
ecutwfc = 50
ecutrho=400.0
occupations='smearing'
smearing='m-p'
degauss=0.020
/
&electrons
mixing_mode='plain'
mixing_beta = 0.7
conv_thr = 1.0d-8
/
ATOMIC_SPECIES
Cu 63.546 Cu.pbe-rrkjus.UPF
ATOMIC_POSITIONS
Cu 0.0 0.0 0.0
K_POINTS {automatic}
18 18 18 0 0 0

7.2 Input file for phonon calculations (ph.x):

&inputph
tr2_ph=1.0d-14,
prefix='cu',
amass(1)=63.55,
outdir='./',
fildyn='cu.dynG',
/
0.0 0.0 0.0
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7.3 Input file for construction of the real-space force constants (q2r.x)

&input
fildyn='cu.dyn', zasr='simple', flfrc='cu444.fc'
/

7.4 Input file for calculating the phonon dispersion (matdyn.x)

Here along a given axis, here XYZ= 000 to 100.

&input
asr='simple', amass(1)=63.546,
flfrc='cu444.fc', flfrq='cu.freq'
/
21
0.00 0.0 0.0 0.0
0.05 0.0 0.0 0.0
0.10 0.0 0.0 0.0
0.15 0.0 0.0 0.0
0.20 0.0 0.0 0.0
0.25 0.0 0.0 0.0
0.30 0.0 0.0 0.0
0.35 0.0 0.0 0.0
0.40 0.0 0.0 0.0
0.45 0.0 0.0 0.0
0.50 0.0 0.0 0.0
0.55 0.0 0.0 0.0
0.60 0.0 0.0 0.0
0.65 0.0 0.0 0.0
0.70 0.0 0.0 0.0
0.75 0.0 0.0 0.0
0.80 0.0 0.0 0.0
0.85 0.0 0.0 0.0
0.90 0.0 0.0 0.0
0.95 0.0 0.0 0.0
1.00 0.0 0.0 0.0
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