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Abstract

We present ab-initio calculations of the mechanical stability and phase transi-

tion of the cubic phases of scandium nitride. The computations are performed by

utilizing density-functional theory, which is implemented within the exciting
code. We used PBE and PBEsol functionals. Additionally, the pre- and post-

processing tasks for elastic properties are carried out using the software tool

ElaStic. We calculated the structural properties, investigated the phases transi-

tions, and nally investigated the stability under deformation by calculating the

elastic constants. We found small dierences in the results of PBE and PBEsol
and found a good agreement with the theoretical and experimental data available

in the literature.
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Introduction

Scandium Nitride (ScN) has emerged as a signicant material in the eld of semi-

conductor research and development, owing to its unique properties and potential

applications across a wide range of cutting-edge technologies. At zero temper-

ature and without other external perturbations, ScN crystallizes in the rocksalt

crystal structure. This phase has a high melting temperature and the capacity

to be doped with both n-type and p-type carriers. For these reasons, rocksalt

ScN represents a promising platform for the advancement of electronic and pho-

toelectronic device technologies. Furthermore, its versatile properties render it

suitable for use in various applications, including solid-state lighting, photodetec-

tors, sensors, high-speed power-electronic devices, and thermoelectric systems.

Research on ScN not only addresses contemporary challenges in energy-ecient

electronics and computing but also paves the way for innovative advancements in

device functionalities and materials engineering [1].

Despite the prevalent understanding of its rocksalt structure [1] under typical

conditions, it is also relevant to assess the possibility of alternative structures

under varied conditions, such as changes in pressure. Exploring the mechanical

stability of ScN oers an opportunity to investigate its additional properties under

specic conditions. This research holds the potential to unveil novel applications

through mechanical manipulation, thereby further broadening the scope of ScN’s

technological relevance and impact.

In our theoretical exploration, we focus on three specic cubic phases of the

material: the rocksalt (B1), caesium-chloride (B2), and zincblende (B3) structures.
Our ab-initio investigation proceeds in three distinct steps. Initially, we delve

into the analysis of ScN’s energetic properties to get insights into its structures.

Additionally, we explore the presence of possible phase transitions between these

structures. Finally, we investigate the elastic constants of these phases, evaluating

their stability under mechanical manipulation.

The theoretical methodology used for these investigations is based on density-

functional theory. All calculations presented here are performed employing the

exciting software package [2] and the ElaStic toolkit [3].

1



Chapter 1

Theoretical Background

The general systems which are studied in this work consist of atoms disposed

in periodic congurations. These systems are denominated crystals. In order to

deal with the issue of phase stability, the main target quantity which has to be

provided is the energy of a given phase. Due to the microscopic nature of the

crystal constituents, nuclei and electrons, the correct approach to the theoreti-

cal description of crystals is quantum mechanics. Consequently, the energies

that are playing a role for the goals of this work must be calculated quantum

mechanically. A short description of the relevant part of quantum mechanics

which allows for the calculation of the energy of a crystal, is given in Section 1.1.

Then, for discussing the stability of dierent crystal phases of materials with the

same atomic constituents, the relevant thermo-dynamical quantities are intro-

duced in Section 1.2. Finally, we present in Section 1.3 some basic concepts of

elasticity which are needed to study the mechanical stability of a crystal under

deformations.

1.1 Basic quantum mechanics for a crystal

The quantum-mechanical description of a crystal requires the solution of the

many-body Schrödinger equation for both electrons and nuclei:

Ĥ(+n) Ψ(r, R) = E(+n) Ψ(r, R) , (1.1.1)

where we dene r = r1, r2, r3, ..., rn,  as the set the coordinates of all electrons

and R = R1,R2,R3, ...,Rm,  as the conguration of the nuclei. In Eq. 1.1.1,

Ĥ(+n) is the full hamiltonian of the system, Ψ(r, R) is the corresponding wave

function, and E(+n) is the full energy of electrons and nuclei. Due to the much

bigger nuclear mass than the electronic one, one can use the Born-Oppenheimer

approximation to separate the full wave function in an electronic and a nuclear
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contribution [4]:

Ψ(r, R) = ψl(r, R)χnuc(R) . (1.1.2)

By considering a xed (periodic) nuclear conguration, we obtain the many-

electron Schrödinger equation:


− ℏ2

2m

N

i

2
i +

N

i

vl-nuc(ri) +

N

i



j<i

w(ri, rj)+Enuc-nuc(R)


ψl(r, R)

= Etot(R)ψl(r, R) , (1.1.3)

where vl-nuc(r) is the interaction potential between one electron at r and all the

nuclei in the crystal, this potential will be denoted in the next as vxt(r); w(r, r
′)

is the Coulomb electron-electron interaction potential; Enuc-nuc(R) is the Coulomb

interaction energy among all the nuclei∗; and Etot(R) is the total energy of the

system at the (xed) nuclear conguration R. In this work, we do not consider

electronic excitations, therefore, in the next we will focus only on the electronic

ground state (GS). From now on

Etot(R) = EGS(R) ≡ EGS . (1.1.4)

In the last step of Eq. 1.1.4 we consider implicit the dependence on R.

The many-body problem given in Eq. 1.1.3 is too complex to be solved with

reasonable resources for the number of electrons in a solid. We must nd a

simplication of the problem. As we are just interested in the ground state, the

density-functional theory described in the next section is the best methodology.

1.1.1 Density-functional theory

The density-functional theory (DFT) is based on moving the main quantum-

mechanical descriptor from the total wave function to the ground-state (GS) elec-

tron density, nGS(r). This move is achieved on the basis of the Hohenberg–Kohn

(HK) theorems. The rst HK theorem states that the external potential to the

electron system (and so, the total electronic hamiltonian, too) is uniquely linked

to the GS electron density [5]. This also means that all properties of the system

are functionals of nGS. In particular this is valid for the GS energy EGS:

EGS[nGS] = T0[nGS] + Ext[nGS] + EH[nGS] + EXC[nGS] , (1.1.5)

∗This energy is a constant, if the nuclear conguration is xed.
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where T0 is the kinetic-energy functional for a non-interacting electron system,

Ext is the external energy resulting from the interaction with and among the nu-

clei, EH is the classical Hartree energy, and EXC is the exchange-correlation (XC)

energy functional, which includes all interactions between electrons which are

not considered in EH
†. This XC energy functional is unknown. The second HK

theorem states that the GS energy functional minimizes at the true GS electron

density. Thus, this last density can be obtained by the solution of the minimiza-

tion equation:
T0[n]

n(r)
+ vKS(r, [n]) = µ , (1.1.6)

with the (electronic) chemical potential µ and the eective Kohn-Sham potential:

vKS(r, [n]) = vxt(r) +
EH [n]

n(r)
+

EXC[n]

n(r)
. (1.1.7)

A very elegant way of formally solving the minimization equation (Eq. 1.1.6) was

suggested by Kohn-Sham [6]. According to them, the GS electron-density can be

written as (omitting the index GS):

n(r) =


i

ϕi(r)2 , (1.1.8)

where the single-particle wave functions, ϕi(r), are the solution of the Kohm-

Sham (KS) equations:

hKS ϕi(r) ≡

−1

2
2 + vKS(r, [n])


ϕi(r) = ϵi ϕi(r) . (1.1.9)

The last three coupled equations (Eqs. 1.1.7 to 1.1.9) must be solved self-consistently.

As the Ext is given by the system and EH can be calculated, the main concern

is the unknown exchange-correlation energy functional, EXC. For this XC func-

tional, approximattions are needed. Some basic approximated XC functionals

which are used in this work, are shortly described in the next section.

1.1.2 Exchange-correlation functionals

Exchange-correlation functionals are an essential component of DFT. Many dier-

ent functionals have been introduced with dierent advantages and disadvantages,

mostly trading accuracy for simplicity (less computational requirements) [7]. The

simplest and also most used XC functionals are listed in the following.

†Strictly speaking EXC contains also kinetic-energy contributions beyond T0, too.
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Local-density approximation

The local-density approximation (LDA) is the simplest solution for the XC energy

functionals. This approximation is based on the idea of replacing locally the

contributions to EXC with the ones of a homogeneous electron gas with the same

density of the actual system [8]. Results obtained with the LDA are surprisingly

good for the total energy of simple metals, nevertheless, lattice constants and

bond-lengths are strongly underestimated [8].

Generalized gradient approximation

The generalized gradient approximation (GGA) is a major advance with respect

to LDA. Instead of just relying on the local value of the density, it takes also

its gradient into consideration. This generally results in better approximations

at a similar computational eort than LDA. Several GGA implementations are

available in the literature [9]. Among them, the ones used in this work are the PBE
functional, proposed by Perdew, Burke, and Ernzerhof [9], and its modication

PBEsol [10]. PBEsol is designed to improve the description of solids and bulk

materials. Due to an adjusted functional form, PBEsol yields more accurate

lattice constants and cohesive energies [10].

1.2 Stability of a crystal structure

For isolated systems the most stable phase is the one with the lowest energy.

In order to specify completely a given phase, e.g., the rocksalt B1 phase, it is

necessary to give both the crystal symmetry of the phase and the values of the

corresponding lattice parameter(s) (see Chapter 3). Then, in order to calculate

the equilibrium structure corresponding to a given phase, one has rst to per-

form calculations of the energy of the system for dierent values of the lattice

constant(s). Secondly, the lattice parameter(s) for which the energy is minimized

has (have) to be found.

Hence several energy values for dierent lattice parameters have been calcu-

lated, an energy-lattice function can be tted through those values. There are

many equations of state, which describe this relation. The one we use for the

calculations in this work is the Birch–Murnaghan (BM) equation of state [11],

mentioned in the next subsection 1.2.1. When tted function is found, the lattice

parameter corresponding the minimum of the function belongs to stable congu-

ration of the phase(s).
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1.2.1 Birch–Murnaghan equation of state

The Birch–Murnaghan (BM) equation of state [11] describes approximately the

relation between energy (E) or pressure (p) of a crystal phase and the correspond-

ing volume, V . In order to derive it, Birch started with the relation between

pressure and free energy (F ) at a xed temperature T :

p = −

∂F

∂V



T

. (1.2.1)

From this equation, he used an expansion around the minimum volume V0 to get

to the following expression for the pressure:

p(V ) =
3B0

2


V0

V

7
3

−

V0

V

5
3


1 +

3

4
(B′ − 4)


V0

V

2
3

− 1


, (1.2.2)

where B0 is the bulk modulus at equilibrium and B′ the corresponding derivative

with respect to the pressure. After integrating over the volume, one gets the

equation for the energy dependence on the volume:

E(V ) = E0 +
9V0B0

16






V0

V

2
3

− 1

3
B′ +


V0

V

2
3

− 1

2 
6− 4


V0

V

2
3


 ,

(1.2.3)

with E0 = E(V0).

1.2.2 Pressure-induced phase transitions

Phase transitions are changes in the structure of a material. To calculate the

phase transitions in solids, we take a look at the Gibbs energy. As both phases

in the transitions have the same Gibbs energy:

Ginitial = Gnal (1.2.4)

The Gibbs energy is given by G = E+pV −ST . For the following calculations we

use T = 0. Therefore the Gibbs energy (G) simplies to a term equal the enthalpy

(H = E + pV ), hence the term −TS vanishes. Resulting in the equation:

Hinitial = Hnal (1.2.5)

or in other therms

Einitial + pinitialVinitial = Enal + pnalVnal (1.2.6)
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we examine solid behaviour under a certain pressure, we also consider the pressure

as xed and get a second condition:

pinitial = pnal (1.2.7)

For calculating enthalpy and pressure we can use the Birch-Murnagham equation

of state shown in Section 1.2.1.

1.3 Basics of elasticity

In the following section we discuss the elastic properties of solids. Every solid

undergoes under relatively small forces an elastic deformation. When the force

and with that also the correlating deformation becomes to big, the deformed

material ever breaks or experiences non elastic deformation, depending an the

material. For small strains these deformations obey Hooke’s law.

1.3.1 Strain

For every deformation ∆x we dene the strain ϵ as the factor between the defor-

mation an the original measures:

∆x = ϵx

In three dimensions ϵ becomes a three dimensional tensor:

ϵ =




ϵ11
ϵ12
2

ϵ13
2

ϵ21
2

ϵ22
ϵ23
2

ϵ31
2

ϵ32
2

ϵ33




Regarding symmetric nature of the strain we get a symmetric tensor:

ϵ =




ϵ11
ϵ12
2

ϵ13
2

ϵ12
2

ϵ22
ϵ23
2

ϵ12
2

ϵ23
2

ϵ33




= ϵt
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This leads us to six independent components that can be be rearranged to a 6

dimensional vector using the so-called Voigt notation:

ϵ =




ϵ11

ϵ22

ϵ33

ϵ23

ϵ13

ϵ12




:=




ϵ1

ϵ2

ϵ3

ϵ4

ϵ5

ϵ6




In an analog manner we can also dene the stress as a 6 dimensional vector σj .

1.3.2 Elastic constants

By using Hooke’s law we can now dene the elastic constants Cij as the factor

between the strain ϵ and the stress σ:

σi = Cijϵj ,

Regarding the cubic symmetry we can simplify the number of independent elastic

constants. This leads us to

C11 = C22 = C33 ,

as well as

C12 = C13 = C23 ,

and

C44 = C55 = C66 .

All remaining constants vanish.

1.3.3 Stability under deformation

For examining the stability of the phases we must evaluate the Born criteria of

stability. For cubic structures the stability criteria are [12]:

1. C11 > C12 ,

2. C11 + 2C12 > 0 ,

3. C44 > 0 .
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Chapter 2

Computational Methodology and

Parameters

In this chapter, we briey introduce the computational tools used in this work and

we give a description of the main computational parameters needed to perform the

calculations. First, we present the full-potential all-electron code exciting [2],

which we use to solve numerically the self-consistent Kohn-Sham (KS) equations

(Eqs. 1.1.7 to 1.1.9) and to determine the total energy of the crystal. Then, we

introduce the ElaStic toolkit, which is used for calculating the elastic constants.

2.1 The exciting software package

exciting is a comprehensive software package for performing rst-principles

electronic-structure calculations using various versions of the linearized augmented

plane wave (APW) plus local orbital (LAPW+lo) method. LAPW+lo is recog-

nized as one of the most accurate numerical approaches for solving the KS equa-

tions of DFT. One of the basic features of exciting is that the unit cell of the

crystal is divided in two regions. The rst region consists of the so-called mun-

tin (MT) spheres, centered at the position of the nuclei. Dierent nuclear species

can have MT spheres of dierent radius RMT. The remaining part of the unit

cell is called interstitial (I) region. In the next, we focus on the basis functions

used in exciting to expand the KS single-particle wave functions as well as the

related computational parameters.

2.1.1 Basis functions

One of the main feature of exciting is that dierent functions are considered in

the MT and I regions as basic functions. Inside the I region simple plane waves

9



are used:

Φk+G(r) =
1√
Ω
ei(k+G)·r for r  I , (2.1.1)

where k belongs to the rst Brillouin zone of the crystal, G is a reciprocal lattice

vector, and Ω is the volume of the unit cell. At variance with this, an APW basis

function inside the MT sphere around the nucleus α is expressed as a combination

of products of the spherical harmonic Y m
l (r̂α) and a radial function ul(rα) :

ΦAPW
k+G (r) =



lm

Ak+G
lm ul(rα)Y

m
l (r̂α) for rα ≤ RMT,α . (2.1.2)

Here, rα = r −Rα and Ak+G
lm are coecients which are determined by the con-

tinuity condition for the basis functions at the boundary between the MT and I

regions.

An ecient alternative to the APWs are the linearized augmented plane waves

(LAPWs). In this case, the following form for the basis functions is used in the

MT region:

ΦAPW
k+G (r) =



lm


Ak+G

lm ul(rα; lα) + Bk+G
lm ul(rα; lα)


Y m
l (r̂α) for rα ≤ RMT,α ,

(2.1.3)

here, lα is the so-called linearization energy, ul is the energy derivative of ul,

and the coecients Bk+G
lm can be derived by imposing the continuity of the rst

derivative of the basis functions, too.

In addition to APWs and LAPWs, exciting use as further basis functions

the so-called local orbitals (LOs). The LOs are non-vanishing only in the MT

region and are used to improve the accuracy of the calculations.

Limitations of the number of basis functions

In order to perform an explicit calculation, the number of basis functions (APWs /

LAPWs and LOs) used in the expansion of the KS single-particle wave functions

must be limited to a nite value. In exciting this is done by xing the value of

the parameter given by the product of RMT,min, the smallest mun-tin radius in

the system, and k +Gmax, the maximum length of the vector of k+G. Choosing

an appropriate value for this parameter is crucial as it balances computational

resources with the need for accurate representation of the electronic states. In the

next part of this work, we use the notation in which this parameter is denoted

as rgkmax, as used in the Input Reference list of the exciting code [13].

The number of LOs used in the calculations can be changed by modifying the

corresponding section in the species les which characterize each elemental

atomic constituent [14].
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Further computational parameters: k-points grids, smearing coecient

The explicit calculation of the total energy in KS-DFT codes (according to

Eq. 1.1.5) requires to perform integration in reciprocal space of functions which

are expensive to be evaluated on very (actually innitely) dense k-points grids.

In order to keep feasible the computational eort, the integrals are approximated

by sums of contributions evaluated for discrete k-points grids.

In exciting these grids are determined by assigning three integer numbers to

the parameter ngridk [13]. These integers represent the number of mesh points

along the direction of the basis vectors in reciprocal space. Of course, the choice of

ngridk inuences the accuracy and computational eciency of the calculations.

More grid points typically lead to more accurate results but require increased

computational resources.

Furthermore, attention must be paid when performing calculations for metallic

systems with course k-points grids. In order to determine a correct value of

the Fermi energy of these systems, one has to include a smearing coecient

(called swidth in exciting [13]), for a smooth approximation to the Dirac delta

functions which are required by this calculation. For ner grids the size of the

parameter swidth should be reduced, being zero in the limit of an innitely dense

k-points grid.

2.2 The ElaStic tool

The calculations of the elastic constants presented in this work are performed

with the help of the ElaStic toolkit [3]. A graphical representation of the work-

ow employed by ElaStic is shown in Figure 2.1. ElaStic rst determines the

number of independent components of the elastic tensor for the structural sym-

metry of the considered crystal. To achieve this, the tool employs the program

sgroup [15] to ascertain the space group of the crystal. according to the crys-

tal symmetry, for all determined distortion types a set of deformed structures is

created within a range of Lagrangian strains, [−ηmax, ηmax]. Then total-energy

calculations are performed with exciting for each of these deformed structures.

Next, energy derivatives are calculated by ElaStic employing polynomial tting

procedures. The energy derivatives can be expressed analytically as linear com-

bination of the elastic constants of the considered crystal. This yields a linear

system where the elastic constants are the unknown. Through solving the linear

system, ElaStic provides the values of the second-order elastic constants, Cij .
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Figure 2.1: Flowchart of the algorithm used in the ElaStic tool (from Ref. [3]).
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Chapter 3

Structure of the ScN Phases

The three phases of ScN which are investigated in this work are: The rocksalt

type structure (B1), the CsCl type structure (B2), and the zincblende type struc-

ture (B3). All of these structures are cubic.

3.1 Phase B1: Rocksalt

The rocksalt structure is shown in Figure 3.1. It is a face-centered cubic structure

with lattice constant a and basis vectors

a1 =
a

2




1

0

1




, a2 =
a

2




1

1

0




, a3 =
a

2




0

1

1




.

The atoms in unit cell are at the following positions in crystal coordinates:

rSc =

0 , 0 , 0


, rN = 1

2


1, 1, 1


.

Figure 3.1: B1 structure. Sc (N) atoms are indicated by turquoise (dark red) balls.
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3.2 Phase B2:: Caesium chloride

The CsCl structure is shown in Figure 3.2. It is a primitive cubic structure with

lattice constant a and basis vectors as follows

a1 = a




1

0

0




, a2 = a




0

1

0




, a3 = a




0

0

1




.

The atoms in unit cell are at the following positions in crystal coordinates:

Figure 3.2: B2 structure. Sc (N) are indicated by turquoise (dark red) balls.

rSc =

0 , 0 , 0


, rN = 1

2


1, 1, 1


.
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3.3 Phase B3: Zincblende

The zincblende structure is shown in Figure 3.3. It is a face-centered cubic

structure with with lattice constant a and basis vectors as follows

a1 =
a

2




1

0

1




, a2 =
a

2




1

1

0




, a3 =
a

2




0

1

1




.

The atoms in unit cell are at the following positions in crystal coordinates:

Figure 3.3: B3 structure. Sc (N) atoms are indicated by turquoise (dark red) balls.

rSc =

0 , 0 , 0


, rN = 1

4


1, 1, 1


.
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Chapter 4

Results and Discussion

In this chapter, we present the outcomes of our computational investigations on

the structural properties of the phases. As we try to improve the accuracy, we

reach convergence in our given from for all properties. We use methodology of

PBE and PBEsol separately and reach convergence for dierent values in both. In

comparison with other calculations and experiments we try to solve the question

of the adequate method for our investigation.

4.1 Equilibrium structural properties

For each structure type tests were made to determine the optimal constant of the

unit cell. These test were repeated for dierent values of ngridk and rgkmax. The
results reached convergence for the higher values. For the rgkmax the starting

value was 7 for each iteration and the highest value was 9. In the following we

can see the convergence behaviour for the values at the zero pressure point of the

energy E0, volume V0, the Bulk modulus B0 the derivative of the bulk modulus

B′ and the lattice constant a0, all shown in Tables A.1 to A.6 in the appendix.

We settle for the converged parameters as stated in the Table 4.1 for PBEsol
and Table 4.2 for PBE. For better comparison with other studies, we show the

values of the lattice parameters in units of both Bohr and A.

Table 4.1: Converged structural parameters using PBEsol.

Phase E0 [Ha] V0 [Bohr3] V0 [A3] a0 [Bohr] a0 [A] B0 [GPa] B′

B1 -818.044 150.462 22.296 8.4430 4.4678 212.0 4.12

B2 -817.969 140.872 20.875 5.2032 2.7534 194.7 4.11

B3 -818.016 191.611 28.394 9.1515 4.8428 148.5 3.88

.
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Table 4.2: Converged structural parameters using PBE.

Phase E0 [Ha] V0 [Bohr3] V0 [A3] a0 [Bohr] a0 [A] B0 [GPa] B′

B1 -819.132 155.109 22.985 8.5290 4.5134 197.9 4.08

B2 -819.056 146.003 21.635 5.2656 2.7864 179.6 4.12

B3 -819.110 197.217 29.225 9.2399 4.8895 140.0 3.85

.

4.1.1 Comparison with literature values

Upon reviewing the calculated lattice constants in comparison to previous studies

(see Table 4.3), we nd our results consistent to other values in the literature. As

most theoretical values in the literature are obtained using the PBE functional,

they (mostly) align with our calculation. Also the experimental value for the B1
phase is consistent with our PBE calculation. Even so there is just one experi-

mental value, this still serves as a useful benchmark for our calculations. Over

all we receive slightly lower lattice constants from the PBEsol.
When we compare the ab-initio publications regarding the bulk modulus B0

and its derivative B′ showcase proximity to our PBE calculations, while the PBEsol
overestimates. The experimental data is consistent with both of our calculations.
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Table 4.3: Comparing literature for the structural properties.

Phase EXC Ref. a0 [A] B0 [GPa] B′

B1 This work PBEsol 4.4678 212.02 4.12

This work PBE 4.5134 197.90 4.08

Experiment [16] 4.519±0.005 182.7±40

FP-LAPW LDA [17] 4.435 220 3.45

PW PBE [18] 4.51 202.0 3.70

FP-LAPW PBE [19] 4.516 196.958 3.78

FP-LAPW PBE [20] 4.54 201 3.31

FPLMTO PBE [21] 4.651 210.364 3.1225

FP-LAPW PBE [22] 4.520 201.576 3.89

FP-LAPW PBE [23] 4.5197 201.12 4.24

PW PBE [24] 4.57 174.75

B2 This work PBEsol 2.7534 194.71 4.11

This work PBE 2.7864 179.57 4.12

FP-LAPW LDA [17] 2.961 180 4.15

PW PBE [18] 2.79 179.5 3.80

FP-LAPW PBE [19] 2.789 176.163 3.991

FP-LAPW PBE [20] 2.81 170 3.47

FPLMTO PBE [21] 2.926 159.759 3.0335

FP-LAPW PBE [22] 2.79 178.60 4.43

FP-LAPW PBE [23] 2.787 183.67 5.24

PW PBE [24] 2.82 155.17

B3 This work PBEsol 4.8428 148.47 3.88

This work PBE 4.8895 139.97 3.85

FP-LAPW PBE [19] 4.892 137.692 3.756

FP-LAPW PBE [20] 4.88 153 3.34

FPLMTO PBE [21] 4.939 145.195 3.433

FP-LAPW PBE [23] 4.989 143.25 4.37

PW PBE [24] 4.96 122.66

pseudo potential PBE [25] 4.8875 142.06 3.6946

pseudo potential LDA [25] 4.8001 159.42 3.7087

pseudo potential PBEsol [25] 4.911 142.68 3.942
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4.2 Relative phase stability under pressure

For calculating the energy values, we use the values calculated in a broader vol-

ume range than in the convergence tests before, but using the computational

parameter established in these tests. The results of the calculations for the en-

ergy in dependence of the volume are tted again using the Birch-Murnaghan

equation of state. The parameters of the equation of state obtained by the t

deviates slightly from those reported in the previous sections, due to the larger

volume range. The results are shown in Figure 4.1. Regarding the three phases,

we can easily see that the B1 structure shows the lowest energy minimum of all

the congurations. Therefore, it is the most stable phase at zero pressure. At

smaller value of the volume per unit cell, the B2 phase has a lower energetic value

than the B1 one. A transition between both phases is therefore possible by im-

posing an external pressure. The B3 phase occupies lower energy values at high

lattice constant. For reaching this the stable environment of this state, a negative

pressure must be applied.

Figure 4.1: The three cubic phases of ScN.

19



4.2.1 B1-B2 phase transition

The transition from the B1 phase to the B2 phase represents is the only physically

real transition found. In the PBEsol simulation, this transition occurs between a

volume of 12.8 A
3
for the B2 phase and 13.9 A

3
for the B1 phase, corresponding

to a pressure of 253.5 GPa (compare Figure 4.2). At this transition point, the

enthalpy reaches 22233.6 eV.

Figure 4.2: Phase transition using PBEsol.

The PBE simulation leads to really similar volume. Here, this transition occurs

between a volume of 12.8 A
3
for the B2 phase and 14.0 A

3
for the B1 phase, but

corresponding to a pressure is 262GPa (see Figure 4.3). At this transition point,

the enthalpy reaches −22261.9 eV.

Figure 4.3: Phase transition using PBE.
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4.2.2 B2-B3 phase transition

The phase transition between B2 and B3 is overshadowed by the phase transition

of B1-B2.

4.2.3 B1-B3 phase transition

Theoretical transitions between the B1 and B3 exists. This transition at high

pressure is not physically realised because it is overshadowed by the B1-B2 phase

transitions. There is also a transition at negative pressure, but the physical

practicality of this condition condemns this transition to a theoretical play.
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4.3 Stability under mechanical manipulation

To determine the stability of the phases, looking at the total energy is not enough.

Another indicator of stability are the elastic constants. In a rst attempt of

evaluate the question of stability, we regard the elastic constants at the minimum

of the Birch-Murnaghan equation. These optima for the lattice constants are

were determined in Section 1.3.2. The lattice constants are represented as 6×6

matrices:

C =




C11 C12 C12

C12 C11 C12

C12 C12 C11

C44

C44

C44




4.3.1 Elastic constants at zero pressure

Using the lattice constant at zero pressure, we can now calculate the elastic

constants of each phase in the energetic minimum. Hence each phase takes this

state without any outside inuence, we can deduces the stability of each phase

from the elastic constants. We use eleven points for nearly all calculation with a

maximal strain of 0.05, but for the B2 phase. There we used a maximum strain of

0.15, because of conict in the literature about stability of the phase (see below).

Table 4.4: Second-order elastic constants at zero pressure

Phase EXC C11 C12 C44

B1 PBEsol 424.3 106.3 171.2

PBE 383.8 105.2 166.9

B2 PBEsol 552.9 16.5 -131.2

PBE 540.7 -0.5 -128.5

B3 PBEsol 161.9 120.5 66.2

PBE 171.5 124.4 70.1

At the optimized volume of the B1 structure and the B3 structure all three

Born criteria of stability are satised in PBE and PBEsol. These structures can

be considered stable in reference to deformation. The B2 structure violates the

third Born criteria C44 > 0 in both methods, therefor it is not a stable structure

under zero pressure. But this state wouldn’t be realised in nature either way,

as the B1 structure possesses a lower energy in at the minimal volume of the B3
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structure. More important are the elastic constants of B2 at volumes were the B2
structure possesses lower energies than its B1 counterpart.

4.3.2 Elastic constants under pressure

Since there is transition to the B2 phase, its stability is of special signicance

beyond the transition point. To assess this stability, we computed the elastic

constants at pressures near, but exceeding, the critical pressures using the PBE
functional. After our investigation we get the results shown in Table 4.5.

Table 4.5: Comparing literature for the elastic constants.

EXC pressure C11 C12 C44

PBE 278 GPa 1439.7 653.2 349.3

For evaluating the stability under pressure, we must check the pressure-adjusted

born criteria of stability:

1. C11 − p > C12 + p ,

2. C11 + 2C12 + p > 0 ,

3. C44 − p > 0 .

In the PBE simulation, the B2 phase meets all stability criteria, conrming its

stability under these conditions.

4.3.3 Comparison with literature values

Upon reviewing the literature of the elastic constants, shown in Table 4.6, we en-

counter a scarcity of publications for comparison. However, we do have four pub-

lications available for the B1 phase. Only two use the PBE functional, where one is

consistent with our PBE calculation. The other one has a signicant smaller C11,

while the other two constants are closer to our values. For the B3 phase there are

two sources. One of them investigated the phase with three dierent functionals,

where the PBE method totally aligns with our PBE calculation. All other values

are really close to both our calculations, but deviate a bit from them. Nonethe-

less, the works available in the literature conrms the stability of the B1 and B3
phase. The two works in the literature on the B2 phase provide contradictory

results on the topic of mechanical stability [17] [24]. One supports it [17]. The

other denies it [24]. As we made these calculations with a higher accuracy and
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both functional methods lead to the same conclusion, there lies a great reliability

in our calculation. We also did a short test run for LDA functional use in the

publication, but this also lead to a negative C44. As there is a transition in the

B2 phase from insulator to conductor close to lattice constant of zero pressure

and PBE underestimates the band gap, there is still some debate left.

Table 4.6: Comparing literature for the elastic constants at zero pressure.

Phase EXC Ref. C11 C12 C44

B1 This work PBEsol 424.3 106.3 171.2

This work PBE 383.8 105.2 166.9

FP-LAPW PBE [19] 380.9 104.56 167.18

FP-LAPW LDA [17] 392 134 167

EPM (no DFT) [26] 299 128 120

PW PBE [24] 331.85 96.20 163.85

B2 This work PBEsol 552.9 16.5 -131.2

This work PBE 540.7 -0.5 -128.5

FP-LAPW LDA [17] 295 123 148

PW PBE [24] 571.6 -53.050 -101.60

B3 This work PBEsol 161.9 120.5 66.2

This work PBE 171.5 124.4 70.1

pseudo potential PBE [25] 171.61 124.34 70.82

pseudo potential LDA [25] 187.59 143.15 72.22

pseudo potential PBEsol [25] 173.42 129.69 74.7

PW PBE [24] 153.87 107.06 68.84
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Conclusions and Outlook

In this study, we delved into the mechanical stability and phase transitions of

Scandium Nitride (ScN), employing ab-initio methods to calculate several key

properties and parameters. Our investigations provided insights into the behavior

of ScN under dierent conditions.

Analyzing the total energy of dierent phases, we conrmed the rocksalt struc-

ture as the predominant phase under pressure-free conditions, while highlighting

the dominance of the B2 phase at higher pressures. Additionally, our contribu-

tion to the understanding of ScN’s structural properties surpasses that of previous

ab-initio calculations, demonstrating a higher level of accuracy.

On the eld of Phase transitions we have found a transition between the B1
and the B2 phase and have shown that the transitions of B3 have no physical

reality.

Furthermore, our analysis of elastic constants revealed the stability of the B1
and B3 structures under zero-pressure conditions. Although in our calculations

the B2 phase exhibits instability under zero pressure, further investigations with

functionals of higher accuracy could lead to deeper understanding of the phase.

As a novelty to the discourse, our ndings support the stability of the B2 phase

near the transition point to the B1 phase, showing the existence of a stable B2
phase under high-pressure conditions.

Because our focus remained on the cubic phase of ScN, an obvious expansion

of the study would be to calculate the non-cubic phases of ScN. This could unveil

more stable structures under pressure and/or higher temperatures. This explo-

ration promises to enhance our understanding of ScN’s behavior and paves the

way for further advancements in its application.
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Appendix A

Convergence

A.1 PBEsol

Table A.1: Convergence with PBEsol at the minimum energy of E0,V0, B0, B
′, and

a0 in dependence of the values of the computational parameters ngridk and rgkmax
for the NaCl-type (B1) structure.

B1 ngridk 8×8×8 12×12×12 16×16×16 20×20×20

rgkmax
7 -818.0426 -818.0426 -818.0426 -818.0426

E0 [Ha] 8 -818.0435 -818.0436 -818.0436 -818.0435

9 -818.0436 -818.0437 -818.0437 -818.0437

7 150.443 150.499 150.499 150.498

V0 [Bohr
3] 8 150.417 150.455 150.458 150.465

9 150.414 150.450 150.458 150.462

7 212.0 211.8 211.8 211.8

B0 [GPa] 8 212.2 212.1 212.3 212.0

9 212.2 212.2 212.0 212.0

7 4.20 4.11 4.10 4.11

B′ 8 4.19 4.14 4.10 4.12

9 4.19 4.14 4.12 4.12

7 8.4426 8.4437 8.4437 8.4437

a0 [Bohr] 8 8.4421 8.4429 8.4429 8.4430

9 8.4421 8.4428 8.4429 8.4430
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Table A.2: Convergence with PBEsol at the minimum energy, E0,V0, B0, B
′ and a0

in dependence of the values of the computational parameters ngridk and rgkmax for
the CsCl-type (B2) structure.

B2 ngridk 8×8×8 12×12×12 16×16×16 20×20×20

rgkmax
7 -817.9676 -817.9675 -817.9676 -817.9676

E0 [Ha] 8 -817.9685 -817.9684 -817.9685 -817.9685

9 -817.9685 -817.9687 -817.9686 -817.9686

7 140.927 140.984 140.903 140.900

V0 [Bohr
3] 8 140.894 140.956 140.868 140.868

9 140.868 140.893 140.874 140.872

7 194.7 195.1 194.7 194.8

B0 [GPa] 8 194.6 194.7 194.6 194.7

9 194.7 194.6 194.6 194.7

7 4.07 4.14 4.06 4.09

B′ 8 4.11 4.14 4.09 4.11

9 4.11 4.11 4.09 4.11

7 5.2039 5.2046 5.2036 5.2036

a0 [Bohr] 8 5.2035 5.2043 5.2032 5.2032

9 5.2035 5.2035 5.2033 5.2032
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Table A.3: Convergence with PBEsol at the minimum energy, E0,V0, B0, B
′ and a0

in dependence of the values of the computational parameters ngridk and rgkmax for
the CsCl-type (B3) structure.

B3 ngridk 8×8×8 12×12×12 16×16×16 20×20×20

rgkmax
7 -818.015 -818.015 -818.015 -818.015

E0 [Ha] 8 -818.016 -818.016 -818.016 -818.016

9 -818.016 -818.016 -818.016 -818.016

7 191.607 191.597 191.591 191.591

V0 [Bohr
3] 8 191.608 191.610 191.610 191.610

9 191.611 191.611 191.611 191.611

7 148.6 148.6 148.6 148.5

B0 [GPa ] 8 148.5 148.5 148.5 148.5

9 148.4 148.4 148.4 148.4

7 3.91 3.91 3.93 3.93

B′ 8 3.88 3.88 3.88 3.88

9 3.88 3.88 3.88 3.88

7 9.1515 9.1513 9.1512 9.1512

a0 [Bohr] 8 9.1515 9.1515 9.1515 9.1515

9 9.1515 9.1515 9.1515 9.1515
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A.2 PBE

Table A.4: Convergence with PBE at the minimum energy of E0,V0, B0, B
′, and a0 in

dependence of the values of the computational parameters ngridk and rgkmax for the
NaCl-type (B1) structure.

B1 ngridk 8×8×8 12×12×12 16×16×16 20×20×20

rgkmax
7 -819.131 -819.131 -819.131 -819.131

E0 [Ha] 8 -819.132 -819.132 -819.132 -819.132

9 -819.132 -819.132 -819.132 -819.132

7 155.132 155.148 155.164 155.16

V0 [Bohr
3] 8 155.090 155.102 155.113 155.114

9 155.086 155.097 155.108 155.109

7 196.9 197.7 197.7 197.7

B0 [GPa] 8 197.2 197.8 197.9 197.9

9 197.2 197.8 197.9 197.9

7 4.14 4.08 4.06 4.07

B′ 8 4.14 4.10 4.08 4.08

9 4.14 4.10 4.08 4.08

7 8.5294 8.5297 8.5300 8.5299

a0 [Bohr] 8 8.5287 8.5289 8.5291 8.5291

9 8.5286 8.5288 8.5290 8.5290
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Table A.5: Convergence with PBE at the minimum energy, E0,V0, B0, B
′ and a0 in

dependence of the values of the computational parameters ngridk and rgkmax for the
CsCl-type (B2) structure.

B2 ngridk 8×8×8 12×12×12 16×16×16 20×20×20

rgkmax
7 -819.0551 -819.0550 -819.0550 -819.0550

E0 [Ha] 8 -819.0560 -819.0559 -819.0559 -819.0559

9 -819.0561 -819.0560 -819.0560 -819.0560

7 146.080 146.126 146.039 146.041

V0 [Bohr
3] 8 146.041 146.089 145.999 146.002

9 146.044 146.092 146.003 146.000

7 180.0 179.7 179.84 179.8

B0 [GPa] 8 179.6 179.5 179.6 179.6

9 179.6 179.4 179.6 179.6

7 4.04 4.10 4.09 4.09

B′ 8 4.07 4.13 4.12 4.12

9 4.07 4.13 4.12 4.12

7 5.2666 5.2672 5.2661 5.2661

a0 [Bohr] 8 5.2661 5.2667 5.2656 5.2657

9 5.2662 5.2667 5.2657 5.2656
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Table A.6: Convergence with PBE at the minimum energy, E0,V0, B0, B
′ and a0 in

dependence of the values of the computational parameters ngridk and rgkmax for the
CsCl-type (B3) structure.

B3 ngridk 8×8×8 12×12×12 16×16×16 20×20×20

rgkmax
7 -819.1090 -819.1090 -819.1090 -819.1090

E0 [Ha] 8 -819.1100 -819.1100 -819.1100 -819.1100

9 -819.1100 -819.1101 -819.1101 -819.1101

7 197.208 197.215 197.213 197.217

V0 [Bohr
3] 8 197.212 197.213 197.213 197.213

9 197.212 197.217 197.217 197.217

7 139.8 139.9 139.8 139.8

B0 [GPa ] 8 140.0 140.0 140.0 140.0

9 140.0 140.0 140.0 140.0

7 3.88 3.86 3.86 3.86

B′ 8 3.85 3.85 3.85 3.85

9 3.85 3.85 3.85 3.85

7 9.2398 9.2399 9.2399 9.2399

a0 [Bohr] 8 9.2398 9.2399 9.2398 9.2399

9 9.2398 9.2399 9.2399 9.2399
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