
First-Principles DFT Study of Imide and Fluoride Analogs  

of Silicon Oxide, Silicon Oxynitride, and Their Alloys  

by 

Narges Masoumi 
 
 
 
 
 

A Dissertation Presented in Partial Fulfillment  
of the Requirements for the Degree  

Doctor of Philosophy  
 
 
 
 
 
 
 
 
 
 

Approved Ocotober 2020 by the 
Graduate Supervisory Committee:  

 
Andrew Chizmeshya, Co-Chair 

George Wolf, Co-Chair 
Don Seo 

Ryan Trovitch 
Timothy Steimle 

 
 
 
 
 
 
 
 

ARIZONA STATE UNIVERSITY  

May 2021  



  i 

ABSTRACT  
   

 
The potential of designing silicon-based oxide/nitride with new properties through 

nanostructure and chemical tuning continues to captivate researchers. In this context, 

while oxynitrides of Si, Ge and Si/Ge are being actively explored, N-rich alternatives to 

the ubiquitous Si3N4 end member are far less known or studied. Recently, the imide-

based Si2N2(NH) was synthesized and found to adopt a crystalline structure analogous to 

that of Si2N2O. Therefore, in this thesis, a density functional theory (DFT) study of the 

thermochemistry of Si-N-H compounds including Si2N2(NH) and Si(NH)2 is undertaken, 

focusing on their relative stability and structural polymorphism. Analogies in the 

polymorphism in these oxide/imide systems are also elucidated using on ab initio DFT 

thermochemistry. In the case of silicon diimide, Si(NH)2, several potential synthesis 

routes involving ammonia and/or ether-like NH(SiH3)2 molecular sources are proposed. 

Despite the structural analogy of beryllium fluoride with silica, its detailed phase diagram 

has yet to be established experimentally. In this case, both the static and thermally 

corrected phase ordering of BeF2 polymorphs using ab initio phonon-based 

thermochemistry are investigated. The compression behavior and mechanical instabilities 

of a dozen BeF2 crystalline polymorphs is also compared studied, leading to the 

development of a methodology to construct a BeF2 (P-T) phase diagram. 
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1 INTRODUCTION 

1.1 Motivation 

Silicon- oxygen-nitrogen (Si-O-N) ceramics such as silicon dioxide (SiO2), silicon 

oxynitride (Si2N2O) and silicon nitride (Si3N4) continue to find applications in a wide 

range of modern technologies and industries due their low-density, significant chemical, 

thermal and mechanical stability (glass and ceramics) and dielectric properties (fiber 

optics communication and microelectronic device technologies).  

All of three of these compounds (Figure 1-1) share a common tetrahedral building-block 

structure, with a silicon atom at the center of the tetrahedron, as their basic structural 

motif. 

 

 

 

 

 

 

For decades a major goal of material science has been the development of  lighter and 

durable functional materials that can be more efficiency produced, at lower cost. On this 

basis, finding novel structures/phases analogous to the above-mentioned functional 

materials, and gaining a broad insight into their properties, could greatly benefit the 

technological demands of the micro and optoelectronics fields. 

Figure 1-1 Ground-state structures of α-SiO2 (left), orthorhombic-Si2N2O (center) and 
Si3N4 (right) showing a common tetrahedral motif with Si atoms at the center which are 
surrounded by O/N atoms. Si atoms: blue, O atoms: red, N atoms: light grey. 
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Among the potential candidates nitrogen-bearing refractory materials continue to 

represent a major focus area. Unlike oxides which are abundant in nature, and have 

served as inspiration for design of materials by analogy, nitride minerals are relatively 

uncommon: Si2N2O (sinoite) and Si3N4 (nitrite) are both quite rare. This is perhaps 

surprising considering that nitrogen is such an abundant element on the earth surface. 

Other rare nitrogen-based minerals include ammonium nitrate and sodium nitrate.  

The scarcity of nitrogen analogs of common silicate minerals is also an impetus for the 

research undertaken in this thesis. The heuristic approach adopted here is to substitute 

oxygen by an imide unit, NH2- in the general silicon-oxygen-nitrogen, SiOxNy, material 

system. From a chemical and structural perspective, the imide unit has a comparable size 

and identical formal charge to O2-. Figure 1-2 below shows a roadmap that highlights the 

relationship between Si-O-N and Si-N-H compounds and their alloys. This roadmap 

introduced several potential novel analogs for the known Si-O-N compounds and their 

alloys in either a crystal or 2D film/crystal structure. A central goal is to predict the 

structure and properties of new materials in this class that share a common structural 

motif consisting of linked Si-centered tetrahedral units, but with either oxygen of imide 

units on the apices. 
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Figure 1-2 A guideline to find connections between existing and non-existing Si-O-N and 
Si-N-H compounds and their alloys. 

 
Following on the SiO2 analog theme this thesis also explores polymorphism in beryllium 

fluoride (α-BeF2), which shares a structural analogy with α-SiO2 (Figure 1-3) as the 

ground state structure. Although BeF2 continues to draw attention because of its 

industrial and scientific applications a detailed P-T phase diagram has, perhaps 

surprisingly, not been established experimentally so far. Therefore, in this thesis 

theoretical studies of BeF2 crystalline polymorphs were pursued, both in the static lattice 

approximation and at finite temperatures, in order to provide new insights into the phase 

diagram, and the potential synthesis of novel BeF2 phases.  
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1.2 Method 

There are several quantum mechanics-based methods available to model and simulate 

crystalline materials. Among the ab initio quantum mechanical methods, density 

functional theory (DFT) is extensively used in condense matter physics to gain detailed 

insights into a material’s properties at the atomic level. State-of-the-art DFT simulations 

are highly accuracy and predictive, and computational cost-efficient compared to other 

empirical or semi-empirical methods. Figure 1-4 illustrates the range and inter-relation 

among various DFT capabilities when combined with modern supercomputing resources. 

The vertical axis represents the level of generality and automation of a particular 

computational methodology while the horizontal axis represents computational cost. The 

green energy-structure box (top left-hand corner) represents the most fundamental 

capability. It provides the ground state energy and structure of a system in a highly 

automated “turn-key” fashion. The vast majority of published work based on DFT uses 

only this “box”. This is then used as the “engine” for subsequent more elaborate 

calculations, some of which are more computationally more depending on but still 

available as automated capabilities (optical response and phonons for example). All of 

Figure 1-3: Ground-state structure of α-BeF2 showing a common tetrahedral motif to α-
SiO2,orthorhombic-Si2N2O and Si3N4 structures. Be atoms (green) at the center are 
surrounded by F atoms (light grey) 
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the other less automated capabilities shown in the figure require detailed system-specific 

considerations, e.g., thorough testing of underlying approximations.  

 

   

Figure 1-4 DFT capabilities in novel material’s discovery based on available 
computational resources. 

 

1.3 Goals  

The studies described in this thesis focus on the structural, mechanical, thermochemical 

and electronic properties of synthesized (and yet-to-be-synthesized) Si-O-N tetrahedral 

materials and their imide analogs, as well as BeF2 crystalline polymorphs through 

theoretical calculations. A secondary goal is to propose and investigate possible synthetic 

routes to the new materials, also on the basis of DFT or ab initio thermochemistry 

simulation. To achieve these goals, the following theoretical calculations are performed:  
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1) DFT study of the thermochemistry of solid-state, crystalline Si-N-H compounds 

including Si2N2(NH), Si(NH)2 and SiO2(1-x)(NH) 2x alloy, focusing on their relative 

stability and structural polymorphism as well as their mechanical stability and electronic 

properties.  

2) DFT-based predictions of phase stability and phase ordering of various BeF2 

polymorphs; assessing the role of thermal corrections in phase stabilities and phase 

ordering which allows the prediction of the first BeF2 phase diagram based on ab initio 

quasi-harmonic phonon-derived DFT thermochemistry. 

DFT simulations at both the solid-state and molecular level are accomplished using 

sophisticated computational packages such as VASP, Phonopy, Gaussian and ELK in 

either a pseudopotential-pseudo wavefunction or an all-electron fashion. The outcomes 

are presented through chapters 3, 4 and 5 of this thesis while the theory and 

methodologies used in these DFT simulations codes is described in chapter 2. 
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2 Theory and methodology  

2.1 Ab Initio Methods 

For a system of interacting particles at the atomic scale, a quantum mechanics must be 

adopted. Ab initio methods such as many-body perturbation theory, the Hartree-Fock 

method [1] [2], configuration interaction method [3] and density functional theory [4] are 

all quantum mechanics-based approaches which solve, subject to certain approximations, 

the electronic Schrodinger equation [5]. The electronic ground state energy, 

corresponding minimum energy structure, forces, densities and potentials allow the 

prediction of key physical/chemical properties as described in Figure 1-4. We therefore 

begin with a brief overview of  the Schrodinger equation [5].  

2.2 Schrodinger Equation (SE) 

The time-dependent form of Schrodinger equation for a single particle in three-

dimensional space [5] is: 

−
ℏ𝟐

𝟐𝒎
𝛁𝟐 + 𝑽 𝚿(𝒓, 𝒕) = 𝐢ℏ

𝛛𝚿(𝒓, 𝒕)

𝛛𝐭
 ( 2-1) 

 

Where m is the particle mass, ℏ is the Planck’s constant, Ψ(r,t) is the wave function and 

V is the external potential.  When the external potential is time-independent, the wave 

function can be written as the product of a time function and a spatial function: Ψ(r,t) = 

Ψ(r).T(t). The Schrodinger equation then takes the form: 

−
ℏ𝟐

𝟐𝒎
𝛁𝟐 + 𝑽 𝚿(𝒓) = 𝐄𝚿(𝒓) ( 2-2) 
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where E is the energy of the particle. The symbol ∇ is the Laplace operator and 𝐻 is the 

energy operator (Hamiltonian) gives the energy of the particle by operating on its wave 

function. The Hamiltonian is comprised of two main components that represent the 

kinetic energy and potential energy contributions. The Schrodinger equation [5] is a 

second-order partial differential equation and known as an eigenvalue- eigenfunction 

equation. By adopting the Born-Oppenheimer approximation [6], the motion of electrons 

and nuclei can be decoupled as shown in eq. ( 2-3) below, where the total wavefunction is 

written as the product of the electrons wavefunction and nuclear wavefunction. The total 

energy of the system is then the sum of the nuclear and electronic energies. The nuclear 

energy includes the electrostatic repulsion between nuclei whereas electronic energy 

arises from the combination of kinetic energy of electrons and the electrostatic “electron-

electron and electron-nucleus” interactions. 

Ψtot(nuclei, electrons)=Ψ(electrons) × Ψ(nuclear) ( 2-3) 
 

𝐸 = 𝐸(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠) + 𝐸(𝑛𝑢𝑐𝑙𝑒𝑖) ( 2-4) 

 

Although the Schrodinger equation [5] can in principle be used to find the system’s 

electron density distribution and energy, it cannot be solved exactly for systems with 

more than one electron. In general, the Schrodinger equation [5] does not have an exact 

solution for systems with three or more interacting particles. Because the motion of each 

electron in a real system is influenced by the motion of all other electrons in the system 

the electron system is strongly coupled. This means that the probability of finding an 

electron at a specific point of in space depends on the probability of finding any other 

electron of the system at that specific point. The motions of the electrons are therefore 
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correlated, and their equations of motion must be solved simultaneously. This becomes 

very complicated (insoluble) when the number of particles is very large. For example, for 

real systems such as solids, a large number of differential equations (in the order of 1023) 

would in principle need to be solved simultaneously. 

One of the first successful methods for approximately solving the Schrodinger equation 

[5]  for a polyelectronic system was made by Hartree [1]. He replaced the many-electron 

wavefunction in the Schrodinger equation [5] with a product of a set of single-electron 

wavefunctions which is called “Hartree product” as shown below: 

Ψ(1,2, … , 𝑁) = χ (1)χ (2) … χ (𝑁) 

 

(2-5) 

 

Where 𝜒 (i) is the spin orbital that representing both the spatial and spin aspects of 

electron “i”, and N is the number of electrons. Hartree’s main insight was to replace the 

Schrodinger equation of “an N-electron system” by N “single-particle” Schrodinger 

equations. The total energy of such a system is the sum of the single electron energies in 

the following form ( 2-6): 

 

𝐸 = ϵ + ϵ + ⋯ + ϵ  
 

( 2-6) 

Although Hartree’s approach represents a practical advancement in the solution to the 

many-body problem, it neglects antisymmetry. That is, when two fermions (electrons) are 

exchanged, the sign of the total wavefunction must also change. The Pauli exclusion 

principle [7] states that two electrons with the same set of quantum numbers cannot exist 

at the same point in space. Therefore, electrons with parallel spin avoid each other. This 
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is accounted for by an additional contribution representing the so-called exchange energy. 

This exchange effect arrises from the relationship between antisymmetry principle, Pauli 

exclusion principle and indistinguishability of electrons. 

A “Slater determinant” form of the total electronic wavefunction was conceived 

introduced to represent the total wavefunction. Slater [8] in 1928, took the advantage of 

the special properties of determinants in order to satisfy the Pauli exclusion principle and 

introduced the below form, (2-7), as spin-orbital representation. 

The structure of the Slater determinant form for the many-electron wavefunction is: 

Ψ = 1/ (𝑁!)

χ (1) χ (1) … χ (1)

χ (2) χ (2) … χ (2)
⋮

χ (𝑁)
⋮

χ (𝑁)
  ⋮

… χ (𝑁)

 (2-7) 

Where 𝜒 (i) is the spin orbital that contains electron “i” and N is the number of electrons. 

The Slater determinant provides a framework for the construction of molecular orbitals 

constructed as a linear combination of atomic orbitals (LCOA). 

2.3 Hartree-Fock Theory 

In 1930’s Douglas Hartree and Vladimir Fock introduced Hartree-Fock theory [1][2] as 

an approximation for solving the many-body problem. They applied the variational 

principle in combination with the orthonormality of the molecular orbitals to find the 

electronic energy of a polyelectronic system by using self-consistent field (SCF) method. 

In the Hartree–Fock method, the total electronic energy of the system is made up of three 

main contributions: core, coulomb and exchange. Accordingly the Hamiltonian operator 

contains three terms related to these three different components. Below, these terms will 

be explained briefly. Before starting, it should mention that Hartree-Fock equations are 
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defined and solved for a system of particles that have been considered as a “frozen 

system”.   

1) The energy contribution from the kinetic energy of an electron moving in the field of 

M nuclei in combination with the attraction between the electron and M nuclei:  

𝐻 = 𝑑τ χ (1) −
1

2
 ∇  −

𝑍

𝑟
χ (1) 

 

( 2-8) 

If we extend the integral to get the “core” contribution of all the N electrons in the 

system, we will get the total 𝐸 as:  

𝐸 = 𝑑τ χ (1) −
1

2
 ∇  −

𝑍

𝑟
χ (1) 

 

( 2-9) 

2) The energy contribution from the electrostatic repulsion between electron pairs:  

𝐽 = 𝑑τ 𝑑τ χ (1)χ (2)
1

𝑟
χ (1)χ (2) 

 

( 2-10) 

 

Or the repulsion between electron “i” and the other “N-1” electrons ( 2-11): 

Etot
Columb= dτ1 dτ2χi(1)χj(2)

1

r12
χi(1)χj(2)

N

j=i+1

N

i=1

 
 

( 2-11) 

3) The third energy contribution arises from the Pauli exclusion principle [7] and defines 

the electrostatic repulsion between electrons with “parallel spins”. This term is called 

“exchange” energy and somehow describes the correlation between electrons with 

parallel spins.  
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𝐾 = 𝑑τ 𝑑τ χ (1)χ (2)
1

𝑟
χ (2)χ (1) 

(2-12) 

 

The total exchange energy in an N-electron system is calculated from the following 

formula (( 2-13):  

𝐸 =  𝑑τ 𝑑τ χ (1)χ (2)
1

𝑟
χ (2)χ (1) 

 

( 2-13) 

 

Where j´ shows the summation is over electrons with parallel spin with electron i.  

Put all together, the energy of each electron (eq.(2-14) and the total electronic energy of 

the ground state (eqs.( 2-15),(2-16) will be obtained as the following terms: 

ϵ = 𝐻 + 2𝐽 − 𝐾

 

 
 

(2-14) 

𝐸 = 2 𝐻 + 2𝐽 − 𝐾  

 

( 2-15) 

 

𝐸 = ϵ − 2𝐽 − 𝐾  

 

(2-16) 

 

 

From the Hartree-Fock theory [1][2], the Hamiltonian operator for an electron in the spin-

orbital (𝜒 ) will take the following form ( 2-17) which is an “integro- differential” 

equation:  
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-
1

2
∇  −  

ZA

riA

M

A=1

χi
(1)+ dτ2χj

(2)χj
(2)

1

r12
χi

(1) 
j≠i

 

- dτ2χj
(2)χi

(2)
1

r12
χi

(1)

j≠i

= ϵijχj
(1)

j

 

  ( 2-17) 

 

 

Later, in 1951, Roothan [9] and Hall [10], independently, converted the Hartree- Fock 

equations to matrix form which is more convenient to deal with. Additional details can be 

found in [11]. We mention this here because the matrix approach for dealing with single-

particle wavefunction solution is present in all of modern electronic structure methods 

used in this thesis. 

Although Hartree-Fock theory [1] [2] resolves the inconsistency with the Pauli exclusion 

principle in Slater’s approach [7] by introducing the “exchange potential” to the 

Hamiltonian, important “coulomb correlations” between electrons are still unaccounted 

for. In addition, the accuracy of Hartree-Fock energies and wavefunctions strongly 

depend on the initial guests for the wavefunctions. We note that it is not always very easy 

to provide appropriate and good enough initial guests for wavefunctions. For a real 

system, the total wavefunction is the result of solving 1023 equations (1023 single-electron 

wavefunction) so, 1023 parameter is required to describe it. Albeit Hartree-Fock approach 

works very well for small molecules (systems) since in small molecules (systems), 

number of electrons is small so, the correlation contribution in the total energy is not 

significant. In many DFT codes, an initial guess for the electron density is constructed 

from a superposition of hydrogenic atomic functions. Alternatively, a screened Coulomb 
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potential can be provided as a guess to generate the first set of wavefunctions in the self-

consistent iterative scheme. 

2.4 Basis Sets 

Before moving further, we need to review the basis set concept. Basis sets are 

mathematical functions that are chosen to approximate the true electronic wavefunction 

in quantum systems as efficiently and accurately as possible. Linear combinations of 

convenient functions are adopted to suite the anticipated structure and behavior of 

wavefunctions in a particular system. In molecular systems, Gaussian-themed functions, 

which are introduced by Samual F. Boys [12], are adopted to describe wavefunctions 

because products of multi-centered Gaussians can be expressed as single Gaussians at 

their centroid. This dramatically reduces the complexity of evaluating overlap integrals 

between wavefunctions on neighboring atomic sites. Combinations of Gaussian functions 

are typically optimized to yield a manifold of atomic-like wavefunctions for each 

constituent elemental species. These types of wavefunctions provide a faithful description 

of atomic-like behavior in the spatial range corresponding to “bonding”. Significant 

errors in this approach occur near the vicinity of nuclei, where cusp-like behavior is 

poorly reproduced by a Gaussian function and in the long-range exponential decay region 

of the atomic charge density.   

In periodic solids Fourier type of approach is adopted which exploits the periodicity of 

the lattice. Here the behavior of the wavefunctions, density and potential within a repeat 

unit is expanded in a “plane waves” (e.g, a superposition of sinusoidal functions. In the 

spirit of the Fourier approach, the shorter/sharper the spatial features the more basis 
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functions are needed to capture the behavior. Additional details specifically related to this 

approach will be discussed in the context of the solid-state DFT in section 2.6 below. 

2.5 Density Functional Theory (DFT) 

Even though Hartree-Fock theory was a revolutionary achievement in solving the many-

body problem but still could not characterize the highly correlated systems like solids. 

Therefore, taking more steps was necessary. Several post-Hartree- Fock theories such as 

configuration interaction (CI) [3], Moller-Plesset perturbation theory (MP2, MP3,...) [13] 

, coupled cluster (CC) [14] etc. were proposed to cover the Hartree-Fock deficiencies. In 

one of the most insightful and transformative concepts was conceived by Walter Kohn in 

1964 (Nobel award followed in 1998). With collaborator Pierre Hohenberg the Kohn-

Hohenberg theorem was introduced [15]. It states that all physical properties of a system 

of interacting electrons can be determined from its ground-state charge density 

distribution. In other words, electron density, in the same fashion as wavefunction, can be 

used in a variational regime to obtain the total energy.  

The inspiration for the basic idea of their theory comes from the Thomas-Fermi model 

[16][17] which is one of the earliest attempts to characterize the electronic energy of a 

many-body system using density. Kohn and Hohenberg concluded dealing with total 

wavefunction as the fundamental variable in variational approach is too complicated so, 

they substituted the electron wavefunction with electron density and used it as the main 

variable in their approach. The significance of this simplification for practical 

calculations is that 3N degrees of freedom are replaced by three: 
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 In other words, in a N-electron system, total wavefunction of the system is defined by 

3N degrees of freedom (spatial coordinates), which N is the number of electrons, only 

three spatial coordinates (x, y, z) are required to describe the electron density of that 

system. Perhaps most importantly, the electron density is a physical observable while 

wavefunction is just a mathematical function. The conceptual loop between the many-

body wavefunction and the electron density is closed as follows: (1) Any given electron 

density can be integrated over space to obtain the number of electrons (N) in the system, 

(2) The peaks in the charge density identify the locations of the nuclei {Ri} to arbitrary 

precision, and (3) the logarithmic derivatives of the electron charge density at the nuclear 

positions gives the corresponding nuclear charges {Zi}. This information is sufficient to 

construct the Hamiltonian and in principle obtain the ground-state many-electron 

wavefunction. Integration of the square this wavefunction yields back the starting 

density. 

As to the practical implementation of DFT Hohenberg and Kohn [15] proposed a 

functional form for the total ground-state electronic energy which is equal to sum of two 

terms as shown in eq. (2-18):   

𝐸[ρ(𝒓)] = 𝑉 (𝒓)ρ(𝒓)𝑑𝑟 + Ϝ[ρ(𝒓)] 
(2-18) 

 

Where 𝑉  is the external potential due nuclei and ρ(r) is the system’s electron density. 

The relationship between the number of electrons of the system and its electron density is 

(2-19): 

𝑁 =  ρ(𝒓)𝑑𝒓 
 

(2-19) 
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One year later, in 1965, Kohn and Sham [4] introduced the formulation and framework of 

Density Functional Theory (DFT) which is a breakthrough method in computational 

chemistry, computational physics and material science. The essence of DFT is the 

relationship between the total ground-state electronic energy of a system of interacting 

electrons in a static external potential and the total ground-state electron density of the 

system. Kohn and Sham defined this connection as a functional relationship (2-20). 

The first term in (2-18) comes from the interaction between electrons and a static external 

potential, 𝑉 (𝑟), due nuclei. The second term, which is shown in eq. (2-20) in a 

compact form, is the sum of the kinetic energy of electrons and the contributions from 

interelectronic interactions: 

Ϝ[ρ(𝒓)] = 𝐸 [ρ(𝒓)] + 𝐸 [ρ(𝒓)] + 𝐸 [ρ(𝒓)] 
(2-20) 

 

Where 𝐸 [ρ(r)] is the total kinetic energy of non-interacting electrons (2-21): 

𝐸 [ρ(𝒓)] = Ψ (𝑟) −
∇

2
Ψ (𝑟)𝑑𝑟 

(2-21) 

 

𝐸  [ρ(r)], (2-22), is the contribution from electron-electron (repulsion) interactions. This 

term is also known as the Hartree electrostatic energy. 

 

𝐸 [ρ(𝑟)] =
1

2

ρ(𝑟 )ρ(𝑟 )

|𝑟 − 𝑟 |
𝑑𝑟 𝑑𝑟  (2-22) 

 

Let’s skip the 𝐸 [ρ(𝑟)] term for now! we will discuss it in section 2.5.2.   

To conclude, if we add the electron-nuclei interactions to the (2-20), the total energy of 

an N-electron system can be obtained from the Kohn-Sham equation (2-23):    
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𝐸[ρ(𝒓)] = Ψ (𝑟) −
∇

2
Ψ (𝑟)𝑑𝑟 +

1

2

ρ(𝑟 )ρ(𝑟 )

|𝑟 − 𝑟 |
𝑑𝑟 𝑑𝑟

+ 𝐸 [ρ(𝒓)] −
𝑍

|𝑟 − 𝑅 |
ρ(𝒓)𝑑𝑟 

(2-23) 

 

Where the total electron density is sum of the single electron densities (2-24):   

ρ(𝒓) = |ψ (𝒓)|  
(2-24) 

 

2.5.1 One Electron Kohn-Sham Equation 

The one-electron Kohn-Sham (KS) equation, (2-25), is very similar to the time-

independent single electron Schrodinger equation. However, the external potential in the 

KS Hamiltonian is a functional of the ground-state electron density. According to the 

variational principle, the true ground-state electron density minimizes the total ground-

state energy and can be obtained through a self-consistent procedure. By applying the 

appropriate variational conditions, the one-electron Kohn-Sham equation will be obtained 

as the following form  

(2-25): 

−
∇

2
−

𝑍

𝑟
+

ρ(𝑟 )

𝑟
𝑑𝑟 + 𝑉 [𝑟 ] ψ (𝑟 ) = ϵ ψ (𝑟 ) 

 

(2-25) 

 

Where M is the number of nuclei and 𝜖  is the orbital energy will be obtained through a 

self-consistent approach.  

Vxc[r1] term, which is known as the exchange-correlation potential, is the functional 

derivative of the exchange-correlation energy (2-26): 
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𝑉 [𝑟] =
∂𝐸 [ρ(𝑟)]

∂ρ(𝑟)
 

 

(2-26) 

2.5.2 Exchange-Correlation Term 

The most important term in the DFT relations is the exchange-correlation term. The 

structure of this mysterious term is the key to success or failure in any DFT calculations. 

This term represents the contributions due the exchange and correlation of interacting 

electrons as well as the difference between the true (actual) kinetic energy of the system 

and the 𝐸 [ρ(r)] (2-21) term. Many attempts have been made to introduce reliable 

definitions and formulations for exchange-correlation functional. Here some of the most 

widely used ones will be reviewed:  

Local density approximation (LDA) [18]: is the simplest form of exchange-correlation 

functional. It works very well for weakly correlated materials such as semiconductors and 

systems with high electron density or slowly varying charge density distribution; 

although if van der Walls corrections [19] added to the LDA, it works well for low 

density systems too. LDA assumes the contribution of a very small volume of the system 

with constant charge density in the exchange-correlation energy is the same as the 

contribution of a homogenous electron-gas with the same volume and same charge 

density. LDA is well-known for overestimating (around 20%) the crystals cohesive 

energies [20], as well as molecular binding energies, whereas underestimates the optical 

gap in insulators [21]. Moreover, LDA usually gives incorrect phase stability ordering 

although, in the case of BeF2 polymorphs, it has been shown that LDA works very well in 

finding the phase ordering. More details can be found in chapter 4. In LAD formalism, 

the exchange-correlation energy is defined as below relationship (2-27): 
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𝐸 [ρ(𝒓)] = ρ(𝒓)ϵ ρ(𝒓) 𝑑𝒓 
 

(2-27) 

Where 𝐸  is the total exchange-correlation of the system and ϵ ρ(𝒓)  is the 

exchange-correlation energy per electron as a function of the density of the uniform 

electron-gas. By differentiating the (2-27), the exchange-correlation functional can be 

obtained.  

Generalized gradient approximation (GGA) [22]: while LDA is just relies on the electron 

density, GGA depends not only on the charge density but also, to the gradient of the 

charge density. Some famous GGA functionals are: PBE [23], PW91[24] and RPBE [25]. 

Hybrid functionals: are weighted combination of exact HF exchange function and various 

DFT exchange-correlation functionals such as PBE [23], B3LYP [26], HSE [27] and 

PBE0 [28]. 

LDA and GGA methods, both, are known as non-empirical functionals because their 

parameters are not fitted to experimental data. 

2.6 Density Functional Theory in Periodic Systems (Crystals) 

DFT extension in periodic solids is nothing new except introducing the periodicity of the 

crystal to the wavefunction, or more accurately electron density, and the potential 

function of that crystal. 

Flex Bloch in 1928, introduced Bloch’s wavefunctions, (2-28), to describe the electron’s 

behavior in periodic solids. Bloch’s theorem [29] states crystals are periodic at the atomic 

scale. Therefore, Bloch’s wavefunctions are traveling waves, in fact plane waves, that are 

modulated by a modulus function, u(r), that has the same periodicity as the lattice (2-29).  
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Ψ𝐤(𝐫) = e 𝐤.𝐫u𝐤(𝐫) (2-28) 

u𝐤(𝐫 + 𝐑) = u𝐤(𝐫) (2-29) 

Where r is the position vector while R is a translation vector that maps each position into 

an equivalent position in a neighboring cell. k is the wavevector that characterizes the 

wavefunction.  

While momentum of a free electron can take any value, in a crystal, the electrons 

momenta only take certain values (𝑘 =  , N: number of unit cells and “a” is the unit 

cell constant). Each two k vectors in a crystal differ by a reciprocal lattice vector (G) or 

any multiplier of that (2-30): 

𝒌 − 𝒌 = 𝑛G (2-30) 

 

Also, V(r), external potential, and ψ(r), lattice wavefunction, have the same periodicity 

as the lattice. One of the most powerful methods to describe periodic functions is Fourier 

series. Therefore, two Fourier series are taken    

for ψ(r) and V(r), (2-31) and (2-32) respectively:  

𝑉(𝒓) = 𝑉(𝑮)𝑒 𝑮.𝒓

𝑮

 (2-31) 

𝛹𝒌(𝒓) = 𝑒 𝒌.𝒓 𝐶𝒌𝑒 𝒌.𝒓

𝒌

𝒌(𝒓)

 
(2-32) 

In V(r) formula, (2-31), the sum is over the reciprocal lattice vector because potential is 

periodic on the atomic scale whereas the periodicity of the wavefunction relates to the 

periodic boundary conditions. Therefore, we sum up over k. 
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2.6.1 Solving the Schrodinger Equation in a Crystal 

To obtain the energy of a crystalline structure, we should plug ψk(r), (2-32), and V(r), 

(2-31), into the time-independent Schrodinger equation ( 2-1). By considering the 

orthonormality of the plane waves, a so-called “central equation” will be obtained (2-33) 

which is known as a representation of the Schrodinger equation ( 2-1) in the reciprocal 

space: 

ℏ 𝒌

2𝑚
𝐶𝒌 + 𝑉(𝑮)𝐶𝒌 𝑮 = 𝜖𝐶𝒌

𝑮

 (2-33) 

Where Ck-G is Fourier coefficient and ε is the energy of a single electron. 

In the DFT approach, the potential function is replaced with an effective potential. For 

finding the energy states and energy values at each k-point in the first Brillouin zone, the 

Kohn-Sham equation should be solved for each electron as denoted by “i” as shown 

below (2-34): 

−
1

2
𝛻 + 𝑣 (𝒓) 𝜓𝒌, (𝒓) = 𝜖𝒌, 𝜓𝒌, (𝒓) (2-34) 

where 𝑣 (𝒓) and 𝑛(𝒓) are defined in (2-35) and (2-36) respectively: 

𝑣 (𝒓) = 𝑉 (𝒓)
𝜕𝜙[𝑛(𝒓)]

𝜕𝑛

+
𝜕𝐸 [𝑛(𝒓)]

𝜕𝑛
 

(2-35) 

 

𝑛(𝒓) = 𝑑𝑘 𝜓𝒌, (𝒓)  
(2-36) 
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𝑣 (𝒓) and 𝑛(𝒓) have the same periodicity as the lattice which has been shown in (2-37) 

and (2-38) respectively. 𝛹𝒌,𝒊(𝒓), (2-39), can be written in the form of Fourier series too 

as has been shown in (2-40): 

𝑣 (𝒓) = 𝑣 (𝒓 + 𝑹) (2-37) 

𝑛(𝒓) = 𝑛(𝒓 + 𝑹) (2-38) 

𝛹𝒌,𝒊(𝒓) = 𝑒 𝒌.𝒓𝑢𝒌,𝒊(𝒓) (2-39) 

In (2-40), only coefficients that shifted by the G vector like Ck-G, Ck+G, Ck+2G are needed 

to solve the equation at a particular k-point. Usually, a linear combination of plane waves 

which differ by reciprocal lattice vectors acts as basis sets. 

Ψ𝒌, (𝒓) = 𝐶 ,𝒌 𝑮𝑒 (𝒌 𝑮).𝒓

𝑮

 (2-40) 

However, having large number of electrons in a macroscopic lattice, especially when 

heavy elements are involved, makes the construction of the orbital wavefunctions 

intractable. Because valance electron wavefunctions exhibit an oscillatory behavior near 

nuclei, due the orthogonality of the valance and core wavefunctions, large number of 

plane waves is required to model this behavior. On the other hand, oscillation of valance 

electrons in the core region leads to a large kinetic energy. Although the situation seems 

very complicated, the good news is in the core region this kinetic energy largely will be 

cancelled due the high electrostatic potential of interactions between electrons and nuclei. 

Further, the true potential can be replaced with a “pseudopotential” [30]. A 

pseudopotential is a potential function that reconstructs (reproduces) the wavefunction 

with reduced number of nodes inside the core region while keeps its actual shape outside 

the core region. Consequently, fewer planewaves are needed to define each 
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wavefunction. The new wavefunctions are called “pseudo- wavefunctions”. The main 

idea behind the pseudopotential approach is dividing the electrons of each atom to two 

main groups: core electrons and valance electrons. Since valance electrons are mainly 

responsible for chemical and physical properties of material, the ion cores, which contain 

nuclei and tightly bound core electrons, are treated as frozen non-polarizable rigid ion 

cores. Therefore, the valance electrons will interact with the combined nucleus and core 

electrons. Indeed, the strong Coulomb potential will be replaced by an effective potential. 

Figure 2-1 shows the difference between real and pseudo wavefunction and potentials. 

 

 

Figure 2-1 Comparison of a wavefunction in the Coulomb potential of the nucleus (blue) 
to the one in the pseudopotential (red). The real and the pseudo wavefunction and 
potentials match above a certain cutoff radius rc[31] 

To utilize a pseudopotential, two critical factors should be considered: hardness and 

transferability. The degree of hardness of a pseudopotential depends on the number of 

Fourier coefficients requires to characterize it. In fact, hardness and number of Fourier 

coefficients have an inverse relationship. Transferability exhibits the ability of a 

pseudopotential to be applied and reproduce the scattering properties in different atomic 
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environments. In general, a reliable pseudopotential fulfills some requirements as listed 

below: 

- It should reproduce the electron charge density outside the core region, (e.g., 

match the all-electron result). 

- Pseudo-electron eigenvalues and energy levels must be the same as those obtained 

from the all-electron calculations. 

- Pseudo-wavefunctions and its first and second derivatives must be continuous and 

non-oscillatory at the core radius.   

Pseudopotentials that depend on the orbital angular momentum of the wavefunction are 

called “non- local” pseudopotentials whereas, in “local” pseudopotentials the same 

potential is used for angular momentum of different orbitals.    

To control the number of plane waves in a wavefunction, kinetic energy cutoff, 𝐸 , 

should be stated. It means only plane waves with kinetic energy value less than a certain 

energy cutoff will be included in the calculation (2-41). 

ℏ

2𝑚
|𝑲 + 𝑮| < 𝐸  (2-41) 

Therefore, smaller energy cutoff, 𝐸 , leads to softer pseudopotential and more rapid 

convergence due to fewer basis functions but, it leads to less transferability.    

 

2.6.2 Brillouin Zone Sampling and High Symmetry Points 

To generate the electronic band structure of solids the Kohn-Sham equation (2-34) should 

be solved for an infinite number of k points in the first Brillouin zone. However, 

practically, a discrete sampling as a weighted mesh is used over the first Brillouin zone 
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(FBZ). The weight factor at each point is defined by the volume of the reciprocal space it 

represents. In general, the selection of k-points is influenced by volume and shape of the 

crystal. One of the most popular methods of k-points sampling is proposed by Monkhorst 

and Pack [32] which constructs an equally spaced mesh in first Brillouin zone. To make 

our problems computationally cheaper, we take the advantage of the point symmetry of 

the Brillouin zone and solve the Schrodinger equation ( 2-1) for k vectors at the high 

symmetry points in the “irreducible Brillouin zone”. Irreducible Brillouin zone is the 

smallest wedge of the Brillouin zone that contains all the symmetry information of the 

full zone. Setyawan et al. [33] depicted the coordination of the high symmetry k-path in 

the Brillouin zone for 14 Bravais lattices with their all various sub-cases. 

2.7 Lattice Dynamics and Phonon Calculations 

In solids, static ground-state electronic energy describes a wide range of solid properties 

such as the electronic structure, electronic band structure, bond strength and stability of 

the crystal at low temperatures. However, to gain other lattice properties like heat 

capacity, thermal expansion, or generally, all temperature-dependent properties of solids 

as well as spectroscopic properties, vibrational energy and phonons frequency are 

required. Phonons are quantized  waves that describe the vibrational modes in a crystal 

(named lattice vibration by Max Born [34]). Each phonon wavefunction is characterized 

by a wave vector and a frequency. 
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2.7.1 Hellmann- Feynman Theorem  

The vibrational energy is the energy contribution due the nuclei vibrations in a molecule 

or solid. The variation of the nucleic energy with respect to the atomic displacements can 

be obtained from Hellmann-Feynman theorem [35][36] as  shown below ( 2-42): 

𝑑𝐸

dλ
= 〈𝜓

𝑑𝐻

𝑑𝜆
𝜓 〉 ( 2-42) 

“Hellmann-Feynman theorem states the first (second) derivate of energy as the 

eigenvalue of Hamiltonian with respect to a variable like λ is equal to the expectation 

value of the first (second) derivative of Hamiltonian with respect to λ”  [37]. 

2.7.2 Density Functional Perturbation Theory (DFPT)  

Born-Oppenheimer approximation [6] allows us to decouple the electronic and 

vibrational degrees of freedom in a solid. To find the phonon frequencies of a solid, first, 

the Born-Oppenheimer energy surface of the system should be obtained. Then, by 

considering the harmonic approximation [34], the interatomic force constant matrix, 

which is called Hessian matrix, should be constructed. By scaling the elements of the 

Hessian matrix by nuclear masses, the elements of the dynamical matrix will be obtained. 

Phonon frequencies are the eigenvalues of the dynamical matrix. The first and second 

derivates of the Born-Oppenheimer energy with respect nuclei displacements can be 

obtained from Hellmann-Feynman theorem [35][36][37]. 

 

𝑑𝑒𝑡
1

𝑀 𝑀

∂ 𝐸(𝑹)

∂𝑹 ∂𝑹
− ω = 0 ( 2-43) 
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The second derivative of the energy surface is given through below relationships [37] 

(2-44) ( 2-45) ( 2-46) (2-47) (2-48) (2-49): 

𝑭 = −
∂𝐸(𝑹)

∂𝑹
= − 〈Ψ(𝑹)

∂𝐻 (𝑹)

∂𝑹
Ψ(𝑹)〉 (2-44) 

𝐻 (𝑹) = −
ℏ

2𝑚

∂

∂𝒓
   

+
𝑒

2

1

𝒓 − 𝒓
−

𝑍 𝑒

|𝒓 − 𝑹 |
+

𝑒

2

𝑍 𝑍

𝑹 − 𝑹
          

( 2-45) 

𝑭 = − 𝑛𝑹(𝒓)
∂𝑉𝑹(𝒓)

∂𝑹
𝑑𝒓 −

∂𝐸 (𝑹)

∂𝑹
 ( 2-46) 

𝐸 (𝑹) =
𝑒

2

𝑍 𝑍

𝑹 − 𝑹
 (2-47) 

𝑉𝑹(𝒓) = −
𝑍 𝑒

|𝑟𝒊 − 𝑹 |
 (2-48) 

∂ 𝐸(𝑹)

∂𝑹 ∂𝑹
≡ −

∂𝑭

∂𝑹

=
∂𝑛𝑹(𝒓)

∂𝑹

∂𝑉𝑹(𝒓)

∂𝑹
𝑑𝒓 + 𝑛𝑹(𝒓)

∂ 𝑉𝑹(𝒓)

∂𝑹 ∂𝑹
𝑑𝒓 +

∂ 𝐸 (𝑹)

∂𝑹 ∂𝑹
 

(2-49) 

 

Where F is the force acting of individual atoms and R is the nuclei position vectors. “Z” 

is the nuclei charge and 𝐻  is the Born-Oppenheimer Hamiltonian.  

Therefore, to gain the Hessian of the Born-Oppenheimer energy surface, the ground-state 

charge density and its linear response to a distortion of atomic positions are required.  

First-order changes in electron density, 𝑹(𝒓)

𝑹
, known as electron density response, can be 

obtained from density functional perturbation theory (DFPT), which is usually referred as 



  29 

linear response method by minimizing the second- order perturbated total energy. More 

details can be found in [37][38][39]. 

2.8 Quasi-Harmonic Approximation (QHA) 

Although harmonic approximation [34] perfectly works for lattices at absolute zero 

temperature, it cannot characterize the temperature-dependent (volume-dependent) 

properties of solids such as thermal expansion. The quasi-harmonic approximation 

accounts for the anharmonicity of the crystal potential by introducing a volume 

dependence of lattice phonon frequencies. Using harmonic phonons at each volume the 

Helmholtz free energy function is obtained as function of temperature according to the 

following equation ( 2-50): 

 

𝐹(𝑇, 𝑉) = 𝑈 (𝑇, 𝑉) + 𝐸 (𝑉) − 𝑇𝑆(𝑇, 𝑉) 

 
( 2-50) 

Where 𝑈  is the the internal vibrational energy of the lattice and 𝐸  is the static lattice 

energy. T is the absolute temperature and V is the volume. 

The only drawback of quasi-harmonic approximation is its deficiency in describing the 

full anharmonicity effects at high temperatures. More details and applications will be 

discussed in chapter 4. 

2.9 Electronic Band Structure in Periodic Systems 

A band structure plot is the solid-state analog of a molecular energy level diagram. In 

contrast to molecular orbitals, the quantum numbers for Bloch states include a band index 

n (energy level) and the wave-vector k. If a crystal is expanded to the point of vanishing 

overlap, the band structure reverts to a highly degenerate molecular orbital diagram with 
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flat bands (like MO levels). In a crystal lattice the overlap between atomic orbitals leads 

to complex hybridizations which depend on the direction in the crystal, and exhibit the 

allowed and forbidden energy ranges for an electron. The values of the individual 

electron energy levels, E(k), versus wave vector (k) within the Brillouin zone can be 

joined to produce a band structure plot. Typically, the plots are high symmetry BZ points 

along high symmetry lines. Mathematical specifics are given below. 

Since atomic orbitals of core electrons overlap very weakly with each other, band 

structure in mainly characterized by valence electrons. In general, band structure consists 

of a “valance band” which contains filled energy levels at absolute zero temperature and 

a “conduction band” that composes of empty electronic states. In insulators and 

semiconductors, a “band gap” separates these two regions and no electronic state exists in 

this area. Band gap is the energy difference between the valance band’s maximum 

(VBM) and the conduction band’s minimum (CBM). The magnitude of the band gap is 

correlated with the electrical conductivity of the solid because electrical conductivity 

depends on its capability to flow electrons from the valence to the conduction band. 

Therefore, by measuring the gap we can quickly conclude a solid is an insulator, a 

semiconductor or a metal.  

As mentioned above, band structures are defined in “k- space”. When we solve the 

Schrodinger equation ( 2-1) [5] for a periodic system with a periodic potential, (for 

simplicity we assume our periodic system is a 1D crystal with lattice constant “a”) the 

eigen functions are plane waves which are modulated by a periodic function, uk(x). These 

wave functions are called Bloch wavefunctions [29] and have the below form (2-51):  



  31 

ϕ𝒌(𝑥) = 𝑒 𝒌 𝑢𝒌(𝑥) 

 
(2-51) 

Where Uk(x) is a “periodic function” that satisfies the lattice periodicity (2-52): 

𝑢𝒌(𝑥) = 𝑢𝒌(𝑥 + 𝑎) (2-52) 

In fact, the wavefunction is the product of the periodic potential on each atom, u(x), and 

an exponential term that varies with the wavenumber, k. K inversely relates to the crystal 

wavelength (k = ). Also, it relates to momentum, p, through the following relationship: 

p = ℏk. Therefore, Bloch wavefunctions work perfectly to describe the behavior of 

electrons in a crystal since they have all the required properties to define an eigenstate in 

a lattice including periodic probability: 

(|𝜑𝐤(𝑥)| = |𝑢𝐤(𝑥)| )  (2-53) 

By moving toward the crystal, the magnitude of the wave function remains unchanged 

although a phase term, eika, adds to the wave function. 

ϕ(𝑥 + 𝑎) = 𝑒 𝒌( )𝑢𝒌(𝑥 + 𝑎)𝑢𝒌(𝑥 + 𝑎) = 𝑒 𝒌 𝑒 𝒌 𝑢𝒌(𝑥) = 𝑒 𝒌 ϕ(𝑥)         (2-54) 

Combination of the periodic boundary condition for the wavefunction with the 

periodicity of uk(x), gives certain values for k. The periodic boundary condition has been 

applied to the wavefunction through equation (2-55) and equation (2-56): 

ϕ(𝑥 + 𝑁𝑎) = ϕ(𝑥) (2-55) 

𝑢𝒌(𝑥)𝑒 𝒌 = 𝑢𝒌(𝑥 + 𝑁𝑎)𝑒 𝒌( ) = 𝑢𝒌(𝑥)𝑒 𝒌 𝑒 𝒌  (2-56) 

                                                                             

Where eikNa = 1. Therefore, k should be equal to  where n is an integer, “a” is the 

lattice constant and N is the number of atoms. 
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For each value of k, several eigenstates can be assumed where each eigenstate can be 

defined by a Bloch wave function. These wave functions differ in their periodic part 

which is uk(x) so, they have different energies. For computation cost sake, we take the 

advantage of symmetry and solve the Schrodinger equation ( 2-1) along a high symmetry 

k-points path in the first Brillouin zone. 

2.10 Thermochemistry 

To study the behavior and properties of various molecular or solid systems at different 

pressure (T), volume (V) and temperature (T), finding the internal energy (U), formation 

heat or formation enthalpy (ΔH) and Helmholtz (F) and Gibbs (G) free energies is 

necessary. In previous sections, it has been explained how the electronic, vibrational and 

Helmholtz free energy of a solid can be obtained.  

In the case of molecules, at room temperature, translational, rotational and vibrational 

degrees of freedom are activated. Therefore, the summation of electronic, translational, 

rotational and vibrational energies gives the total energy. To calculate the total molecular 

energy and consecutively, the fundamental thermodynamic functions, the total partition 

function of the molecule (Q) is required. Partition function indicates the number of 

accessible microstates at a given temperature. If the desired molecular system is defined 

as a collection of particles which exchanges heat with the environment, at a fixed volume 

and temperature, the total partition function, which is known as canonical partition 

function, has the below form (2-57): 

𝑄(𝑁, 𝑉, 𝑇) =  𝑒
( , )

 
(2-57) 
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Where N is the number of particles, T is temperature, V is volume, 𝐸  is the energy state 

and kB is the Boltzmann’s constant. In a molecular system the canonical partition 

function is approximated by the product of individual molecular partition functions 

corresponding to translation, rotation, vibration and electronic degrees of freedom as 

shown below: 

𝑄(𝑁, 𝑉, 𝑇) =  
1

𝑁!
[𝑞(𝑣, 𝑇)]  

(2-58) 

𝑞(𝑉, 𝑇) = 𝑔 𝑒 [ ( ) ]  /  

=  𝑔 𝑒  / 𝑔 𝑒 ( )/ 𝑔 𝑒  / 𝑔 𝑒  /  

 

(2-59) 

                  

By having the partition function, calculating the (average) energy of the system, entropy, 

free energy, chemical potential and any other properties of the system is possible. For 

instance, internal energy, U, and entropy, S, can be obtained from below relationships 

(2-60) (2-61): 

𝑈 =  𝑘 𝑇 (
𝜕𝑙𝑛𝑄

𝜕𝑇
) ,  

(2-60) 

𝑆 =  𝑘 𝑙𝑛𝑄 + 𝑘 𝑇(
𝜕𝑙𝑛𝑄

𝜕𝑇
) ,  

(2-61) 

 

Where T is the absolute temperature and 𝑘  is the Boltzmann constant. 
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Then, enthalpy, H, Helmholtz free energy, A, and Gibbs free energy, G, will be obtained 

through the below relationships (2-62) (2-63) (2-64): 

𝐻 = 𝑈 + 𝑃𝑉 (2-62)  

𝐴 = 𝑈 − 𝑇𝑆 (2-63) 

𝐺 =  𝐻 − 𝑇𝑆 (2-64) 

In this thesis, molecular thermochemistry calculations have been done by using Gaussian 

software [40]. Heat of formation, ∆𝐻 , , for any molecule at standard-state, which 

temperature is 298 K and pressure is 1bar, can be obtained from the energy difference 

between the energy of the molecule and the energy of the constituent atoms after adding 

the experimental atomic formation energy to them. Therefore, first, the electronic energy 

obtained from Gaussian [40], 𝜀 , should be corrected by adding the zero-point energy 

term which is 𝜀 . In the next step, the enthalpy difference between the enthalpies at 

zero temperature and enthalpies at 298K, should be added to the previous terms. This 

term is called Hcorr in the Gaussian output. 𝜀 + 𝜀 + 𝐻  term is reported as "𝐸  + 

𝐻 " in    the Gaussian output. The same steps should be taken for each constituent 

atom, but it should be considered that there is no zero-point energy term for atoms. The 

summation of the formation enthalpies of atoms will be subtracted from the 𝐸  + 

𝐻  .Finally, the summation of the experimental atomic formation enthalpies will be 

added to the above terms too. The formulation has been shown below (2-65): 
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∆𝐻 ,  (𝑀) = 𝐸(𝑀) + 𝑍𝑃𝐸(𝑀) + [𝐻 (𝑀) − 𝐻 (𝑀)]  

− {𝐸(𝐴 ) + [𝐻 (𝐴 ) − 𝐻 (𝐴 )]}  

+ ∆𝐻 , (𝐴 ) 

(2-65) 

Where M and A stand for the molecular and atomic terms respectively and the 

summations are over all the atoms. Since Gaussian allows the calculation of formation 

energies of molecules from their atomic constituents, the above method can be viewed a 

Hess cycle containing an additional step which accounts for the difference between 

thermodynamic standard reference states and corresponding atoms at 298K and 1bar. 

Enthalpies and free energies of a chemical reactions can be obtained from the difference 

between thermally corrected enthalpies or free energies of the products and reactants. 

Two sets of relationships are given below (2-66) (2-67) (2-68) ( 2-69): 

∆ 𝐻 (298𝐾)  =  ∆ 𝐻 (298𝐾) − ∆ 𝐻 (298𝐾) (2-66) 

∆ 𝐻 (298𝐾)  =  (𝐸 +  𝐻 ) −  (𝐸 +  𝐻 )  (2-67) 

 

Similarly, 

∆ 𝐺 (298𝐾)  =  ∆ 𝐺 (298𝐾) −  ∆ 𝐺 (298𝐾) (2-68) 

∆ 𝐺 (298𝐾)  =  (𝐸 + 𝐺 ) −  (𝐸 + 𝐺 )  ( 2-69) 

Where Gcorr is the Gibbs free energy difference between the Gibbs free energies at zero 

temperature and Gibbs free energies at 298K. The distinction between (2-64) and (2-65) 
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is that in the latter formula then thermally corrected electronic energies of all products 

and reactants used directly because reference states cancel exactly.  A similar reasoning 

applies to (2-66) and (2-67). 

For crystalline systems the internal energy, (2-70), and enthalpy,  (2-71), are almost the 

same at low pressures since the product of a typical unit cell volumes (102-103 Å    or 10-

27-10-28 m3) and pressure (e.g., 1 bar = 105 Pa) is 10-22 J (~ 0.1 kJ/mol). Consecutively, 

PV term becomes negligible. 

𝑈(𝑇, 𝑉) = 𝑈 (𝑉) + 𝑈 (𝑇, 𝑉) (2-70) 

𝐻(𝑇, 𝑃) =  𝑈(𝑇, 𝑉) + 𝑃𝑉   (2-71) 

 

U0 (V) is the static internal energy and is just a function of volume (lattice constants). 

Uth(T, V) is the phonons contribution to the internal energy and can be obtained from the 

below relationship (2-72): 

𝑈 (𝑇, 𝑉) = 𝑔(ν)(𝑛 +
1

2
) ℎνdν 

(2-72) 

 

 𝑔(ν) is the Boltzmann distribution, n is the vibrational quantum number, ν is the phonon 

frequency and h is the Planck’s constant.  
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3 Comparative study of the structural, electronic and thermoelastic properties of α-

SiO2 and α-Si(NH)2 from first principles 

Text and figures in this chapter were reprinted with permission from N. Masoumi, G.H 
Wolf and A.V.G. Chizmeshya, “submitted” to Physical Review B (April 2021) [180] 
 

3.1 Introduction 

α-SiO2, also commonly known as quartz, is the second most abundant mineral in the 

earth’s crust [41]. It crystalizes in a trigonal crystal structure and with a hexagonal unit 

cell composed of corner-linked SiO4 tetrahedral units. Quartz’s simple but unique 

structure makes it capable of being widely used in various industrial area [42][43][44]. 

This suggests that new materials with crystal structures analogous to quartz may 

represent potentially useful analogs for industrial and technological innovation. In this 

work we explore the fundamental properties of the simple isoelectronic analog α-Si(NH)2 

in which the isoelectronic immide unit replaces oxygen. From a structural perspective the 

NH unit has similar size and comparable mass (the molecular weight of the deuterated 

analog ND2- is identical to that of oxygen), implying that the corresponding structural and 

thermodynamic properties may be similar. At the same time, the anisotropy of the NH 

unit in α-Si(NH)2, in comparison to the oxygen anion, is expected to lead to increased 

complexity in spectroscopic properties such as vibrational spectra and may significantly 

affect the dielectric response. 
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Figure 3-1: Compositional roadmap for oxides-immides-nitrides of silicon. (This figure 
has been refered as Figure 1-2 in chapter 1 of this thesis) 

 
From a compositional chemistry standpoint the α-Si(NH)2 analog can also be viewed as 

extension of the silicon- oxygen-nitrogen (Si-O-N) class of ceramics including silicon 

dioxide (SiO2), silicon oxynitride (Si2N2O) and silicon nitride (Si3N4) which continue to 

find applications due to their low-density and significant chemical, thermal and 

mechanical stability as well as their dielectric properties. Their applications range from 

ceramic and glass industries to fiber optics communication technologies and 

microelectronic devices [45][46][47][48][49]. With the NH substitution for O the 

extended class of Si-O-N-H compounds are expected to share common bonding motifs 

consisting primarily of tetrahedral silicon, trigonal nitrogen and bridging oxygen units. 

Unlike oxides which are abundant in nature, and have served as inspiration for designing 

of materials by analogy, nitride minerals are relatively uncommon: Si2N2O (sinoite) and 

Si3N4 (nierite) are both quite rare. This is perhaps surprising considering that nitrogen is 

such an abundant element on the earth surface. Other rare nitrogen-based minerals 

include ammonium nitrate and sodium nitrate. This scarcity of nitrogen analogs of 
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common silicate minerals is also a main impetus for exploring the NH analog of silica in 

this paper. Figure 3-1 shows a roadmap which elucidates the relationship between Si-O-N 

and Si-N-H compounds, Including several potential novel analogs for the known Si-O-N 

compounds and their alloys in either a crystal or 2D film/crystal structure. 

Silicon diimmide, Si(NH)2, has a long history as a precursor compound for synthesizing 

high purity silicon nitride (Si3N4) ceramics since 1903 [50][51]. Today the stock [52][53] 

synthesis of silicon diimmide in a white powder form is routinely achieved via 

ammonolysis of SiCl4 at -85 °C. This route also produces Si(NH2)2NH as an intermediate 

which then transforms to Si(NH)2 at room temperature. Accordingly, Si(NH)2 is often 

employed as a carbon-free mesoporous gel in non-oxide sol-gel chemistry techniques, 

and as an isoelectronic alternative of silica in thin layer chromatography [54][55]. 

Although the ammonolysis of silicon tetrahalides (SiX4, X= Cl, Br) is still one of the 

primary synthesis methods for Si(NH)2 [56]–[61], a wide range of nitrogen sources such 

as NH3, N2H4, HN3 or a mixture of N2 and NH3 have also been found to yield silicon 

diimmide. Other silicon-bearing molecular sources have also been reported as effective 

reactants in Si(NH)2 synthesis, including silane (SiH4) [62]–[65], silicon disulfide (SiS2) 

[51], silicon tetraisothiocyanate Si(SCN)4 [61], SiHCl3 [66], and organyl aminosilanes 

Si(NRR´)4 [67]. The foregoing reactions typically occur in a range of media, including 

organic solvents or inert gases and over a broad range of temperatures.  

Silicon diimmide has also been identified as a by-product during the synthesis of silicon- 

based dielectric thin films in semiconductor devices such as gate insulator structures, 

passivation layers in optical detectors and emitters, and anti-reflection coating in lasers 
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and photoconductors [64]. These films are typically synthesized using chemical vapor 

deposition (CVD), photoenhanced chemical vapor deposition (PCVD) [68] or plasma-

enhanced chemical vapor deposition (PECVD) [69]. In 1986, David Tsu and his 

coworkers, modified the PECVD method into Remote RPECVD technique [62], [63], 

[70]. The RPECVD method aims to mitigate the formation of undesirable Si-H bonds in 

the growth of Si3N4. In this process, the reaction between gaseous SiH4 and undulated 

excited NH3 at temperatures below 100 °C leads to the formation of Si(NH)2 thin films, 

whereas increasing the temperature to 500 °C or using gaseous N2 leads to Si3N4 thin 

films. Reactions involving SiH4(g) and (NH3)* at intermediate temperatures (100°C to 

500 °C) will produce mixed  Si3N4-Si(NH)2 thin film alloys [62].  

Infrared spectroscopy of amorphous Si(NH)2 thin films produced via RPECVD has 

confirmed the presence of Si-N and N-H bonds and the apparent absence of Si-H bonds. 

The Si-N vibrational mode frequencies are very similar to those in Si3N4 since both 

compounds share the same local atomic Si and N bonding structure. The absence of Si-H 

vibrations also supports the notion that the NH groups are located between the two Si 

atoms, and within the Si-N-Si plane. This is consistent with the isoelectronic substitution 

of O by NH in the SiO2 analog.  Similarly, the observed low concentrations of OH in 

SiO2 films [71] and detection of a small amount of NH2 groups in Si(NH)2 films [62] is 

also consistent with the isoelectronic nature of OH and NH2. A similar analogy between 

disilazane, (SiH3)2NH, and disiloxane (SiH3)2O has also been previously noted [72], on 

the basis of their common intra-tetrahedral Si-N-Si angle (128° and 127.7° for disiloxane 

and disilazane, respectively). Fundamental similarities are also expected at the bulk 

materials property level, including the refractive index (discussed below in the electronic 
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structure),  mechanical properties such as hardness and bulk modulus and etching 

properties [63]. Finally, we note that amorphous silicon oxynitride (SiOxNy) thin films 

have been grown along a joint line from SiO2 to Si3N4 via RPECVD [62], [73]. No Si-Si 

bond is detected in these films, and their IR spectra show a coupled motion between 

oxygen and nitrogen atoms in addition to a linearity between Si-N and Si-O frequencies. 

In 1988, Si2N2NH crystal was explicitly synthesized via pressurized ammonia reactions 

[74] and was shown to adopt the structure of its silicon oxynitride analog Si2N2O [73], 

[75]. In 2007, Horvath-Bordon et al. [76] crystalized C2N2(NH)2 in a tetrahedral 

framework with sp3 hybrid orbitals for both carbon and nitrogen. These observations 

make the presumption that Si(NH)2 will exhibit the same crystalline structures as SiO2. 

These developments suggest a broader systematic analogy between oxynitrides (SiOxNy) 

and silicon “nitro-immides, as shown in Figure 3-1 above.  In the latter case, studying 

Si3N4-Si(NH)2 thin film alloys shows that Si3N4- Si(NH)2 has a local atomic structure 

resembling that found in Si2N2O alloys. In fact, two types of nitrogen bonding in Si3N4-

Si(NH)2 film have been identified: 1) nitrogen atoms with three Si neighbors and 2) 

nitrogen atoms with two silicon and one hydrogen neighbors whereas no Si-H bond is 

detected [70]. This, in combination with the fact that Si3N4-Si(NH)2 is a solid solution of 

Si3N4 and Si(NH)2, provides further support that SiO2 and Si(NH)2 may exhibit 

significant similarities in their bonding and tetrahedral network trends.  

Very recently, crystallization of Si(NH)2 was pursued by heating an amorphous powder 

form to 1600 °C yielding a mixture of α and β-Si3N4 [77]. Reports of its crystallization to 

a denser silica-like phase under low pressure conditions are extremely rare and 
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controversial [179] [78] likely because the compound is reported to be easily hydrolyzed 

[77], converting to SiO2 [72], [77]. To the best of our knowledge, Si(NH)2 has never been 

exclusively discussed in the context of a crystalline material. Even theoretical studies of 

condensed phases of immides of silicon are extremely scarce and focus primarily on 

amorphous Si(NH)2 [79], [80].   

Here we present a theoretical DFT investigation that provides the first systematic 

treatment of the structural, thermodynamic, mechanical and electronic properties of 

crystalline Si(NH)2. The remainder of the paper is organized as follows: We begin with a 

brief outline of the computational procedures, and then describe the ground state structure 

and energetic stability of Si(NH)2. The latter is assessed relative to both elemental 

reference states Si(s), N2(g) and H2(g), and with respect to SiO2, NH3(g) and H2O(g). 

Fundamental connections with molecular structure and molecular inheritance are 

discussed. In the subsequent section we systematically describe the simulation and 

elucidation of compression behavior, where detailed comparisons are made with the 

oxide analog silica, and well-established empirical relationships are tested. The electronic 

properties of Si(NH)2 are next examined, with a focus on the effect of immide 

substitution for oxygen on band gaps. Finally, we briefly explore the effect of alloying O 

and NH in the a-quartz structure in order to elucidate the apparent oxidation tendency of 

Si(NH)2. 

3.2 Computational Details 

Heterogeneous reactions in which solids are formed from gas phase starting materials are 

typically difficult to model quantitatively because the solid state and gaseous constituents 
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cannot be treated at the same level of fidelity within a common computational framework 

(e.g. basis sets, periodic vs non-periodic). Accordingly, here we adopt a combined 

approach in which a solid-state context is used to calculate the properties of both the 

crystalline and gas phase compounds involved in the reactions.  Molecules and atoms are 

treated using large periodic supercells (slightly orthorhombically distorted cubic supercell 

with typical dimensions of 9.95, 10.00 and 10.05 Å) while crystalline phases are treated 

in the usual manner. Thermodynamic corrections for translational, rotational and 

vibrational contributions are then applied to the molecular/atomic species while phonon-

based free energy corrections are applied to the solid phases. In this way the reference 

energy for molecules, atoms and solids is the common electronic energy used in the 

solid-state code (in our case VASP, see below) for any given choice of density functional 

“flavor.” The thermodynamic properties of both molecular and crystalline 

reactants/products at a desired pressure and temperature are then obtained consistently 

yielding accurate heterogeneous reaction energies. We have verified that the molecular 

structures obtained (to within numerical precision) are identical to those obtained from a 

free molecular code such as ORCA or Gaussian using the same DFT functional.  

The ground state structures and energies of α-SiO2 and α-Si(NH)2 are obtained using 

density functional theory (DFT) as implemented in the VASP package [81]–[83] using 

projector augmented wave (PAW) pseudopotentials and the Perdew-Burke-Ernzerhof 

(PBE) [84], [85] exchange-correlation treatment. A kinetic energy cutoff of 800 eV was 

used for the plane-wave basis and Brillouin zone sampling employed Γ-centered k-point 

grids with a density in the range of 0.003 to 0.004Å-3 per k-point. The energy tolerance in 

converged self-consistent calculations is 10-8 eV per atom, while residual atomic forces 
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and cell stress were below 0.001 eV/A and 0.01 kbar, respectively. We tested both hard 

and soft versions of the standard pseudopotentials from the VASP database for H, N, O 

and Si. Detailed comparisons of the resulting ground state structures with those obtained 

from all-electron Gaussian-based methods (as mentioned above) showed that the hard 

pseudopotentials gave the best results. These are therefore used in all of the following 

calculations. 

Thermochemical properties of α-SiO2 and α-Si(NH)2  were obtained from the vibrational 

properties of the ground state crystalline phases using density functional perturbation 

theory (DFPT) [37], [38] as implemented in the VASP code, in conjunction with the 

Phonopy package [86]. The latter code uses the quasi-harmonic approximation (QHA) 

[87] to generate the entropy and Helmholtz energy as a function of temperature at a 

specific volume.  The vibrational spectra and phonons in the Brillouin zone are generated 

by constructing a 2x2x2 supercell for each crystal. 

3.3 Results and Discussion 

 
3.3.1 Trends From Molecular Analogs 
 
 To elucidate the inherent bonding character of silicon tetrahedra corner-linked by oxygen 

or nitrogen we begin by briefly studying ether-like molecular analogs disiloxane, 

O(SiH3)2, and disilazine, NH(SiH3)2. The notion of structural inheritance "from molecule 

to solid" can also help to interpret the bonding in the crystalline state. Using VASP, and 

the “molecule-in-a-box” approach described earlier, we obtained the ground state 

properties of disiloxane and disilazine. Their optimized molecular structures are 

compared in Figure 3-2.   
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Figure 3-2: Molecular structures of disiloxane (top), and disilazine (bottom). 

 
In the case of disiloxane we found an Si-O bond length of 1.63Å and Si-O-Si bond angle 

of 143°, in excellent agreement with the experimentally determined values of 1.63Å and 

144°, respectively [88]. The structure of the NH analog is found to be similar but with a 

longer (Si-N) bond length of 1.73Å and a considerably smaller Si-(NH)-Si bond angle of 

128°. We also carried out a brief vibrational analysis and found that the symmetric 

stretching mode frequencies (Si-O-Si and Si-N-Si of 585 cm-1 and 591 cm-1 respectively, 

which are quite similar suggesting that the Si-O and Si-N force constants are comparable. 

On the other hand, the bending mode frequency of Si-N-Si (202 cm-1) is found to be 

almost twice that calculated of Si-O-Si (108 cm-1) in disiloxane. This is consistent with 

the increased repulsion associated between the apical protons in disilazine for this mode 

(see Figure 3-2). However, as we show below, the orientation of the silica tetrahedra 

relative to the bridging sites in the crystalline oxide and immide compounds is nearly 

identical. It is interesting to note that, from a dynamical perspective, the role of mass can 

be eliminated by substituting deuterium for the hydrogen on the bridging site in 

disilazine, since ND and O have the same mass.   
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3.3.2 Ground State Crystalline Structures 

Full structural optimization of the α-SiO2 and α-Si(NH)2 crystalline structures were 

carried out using the VASP code and the procedures described in section 3.2 above. The 

trigonal unit cell of the SiO2 α-quartz phase (space group P3221) contains nine atoms 

(Z=3) with Si on the 3a (u,0,0) sites and O atoms on 6c (x,y,z) sites. The immide analog 

α-Si(NH)2 was initialized using the same structural motif by replacing all oxygen atoms 

by nitrogen, and adding hydrogen atoms with an N-H distance of ~ 1Å within the Si-N-Si 

plane but pointing outward. The final optimized structure of both α-SiO2 and α-Si(NH)2  

are shown in Figure 3-3 which emphasizes the similarity between these crystalline 

phases. The main distinction is the distribution of hydrogen atoms in the immide analog, 

whose optimized positions are found to reside on (6a) sites in the P3221 space group. 

 
Figure 3-3: Ground state crystal structures of α-SiO2 (left) and α-Si(NH)2 (right).  Color 
scheme: Si (blue), O (red), N (grey) and H (light pink). 

 

The outcome of our calculations is summarized in Table 3-1 which lists lattice 

parameters, bond lengths and bond angles for the fully relaxed α-SiO2 and α-Si(NH)2 

crystals. Our results for α-SiO2 are in good agreement with prior GGA-PBE calculations 

[89] and the slight discrepancies in structure parameters is likely due to our use of denser 

k-point sampling and higher plane-wave basis energy cutoffs. Comparison with 

experimentally data [90] shows that our DFT treatment slightly overestimates the lattice 
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parameters (~ 2%), which is typical for GGA-PBE, while the remaining structural 

parameters, including atomic positions, internal bond lengths and bond angles, are in 

excellent agreement. A comparison between the structural parameters of α-SiO2 and α-

Si(NH)2 reveals that the immide analog a and c lattice parameters are ~ 2% and ~ 8% 

larger, respectively,  than their oxide counterparts. This leads to an overall relative 

volume increase of ~13% for the immide. The largest structural parameter changes 

induced by the NH substitution are the dilation of the c-axis dimension and large increase 

in nitrogen z-positions. 

Table 3-1: Summary of structural data for α-SiO2 and α-Si(NH)2. Labels “other” and 
“EXP” refer to PBE-GGA calculations and experimental data from [89] and [90], 
respectively. 

α-S iO 2  present other EXP  present other EXP 
 a 5.012 5.039 4.916 d(Si-O) 1.6222 1.624 1.605 
 c 5.502 5.524 5.406  1.625 1.627 1.614 
 u 0.4768 0.4790 0.4697 ∠Si-X-Si 146.8 148.1 143.8 
 x 0.4146 0.4155 0.4135 ∠X-Si-X 108.2 108.2 109.0 
 y 0.2553 0.2511 0.2669  109.0 108.9 108.8 
 z 0.1293 0.1320 0.1191  109.2 109.4 109.2 
      110.6 110.5 110.5 
         

α-Si(NH)2  present    present   
 a 5.111   d(Si-N) 1.731   
 c 5.946    1.741   
 u 0.4661   d(N-H) 1.025   
 x 0.4096   ∠Si-X-Si 138.5   
 y 0.2826   ∠X-Si-X 105.6   
 z 0.2747    108.6   
 x(H) 0.2506    112.0   
 y(H) 0.3052    113.2   
 z(H) 0.1850   ∠Si-X-H 109.6   
      111.9   

 
 



  48 

As shown in Table 3-1 the α-SiO2 structure contains two distinct Si-O bond lengths, and 

a distribution of tetrahedral O-Si-O angles, with average values of 1.624Å and 109.3°, 

respectively, while our calculated Si-O-Si angle of 146.8° slightly overestimates the 

observed value of 143.8°.  We note that the Si-O bond length and Si-O-Si are quite 

similar to those that we obtained for disiloxane (1.63Å and 143°, see Figure 3-2). In the 

case of α-Si(NH)2 our calculations yield an average Si-N bond length of 1.735Å and an 

Si-(NH)-Si bond angle of  138.5°, while the corresponding parameters in disilazine were 

found to be 1.73Å and 128°. The clear coincidence of the crystalline and molecular Si-X 

bond lengths supports the notion of “molecule to solid” structural inheritance, but the Si-

X-Si bond angle in the crystalline setting are clearly larger than their molecular 

counterparts (by ~ 3° and ~ 10° in the SiO2 and Si(NH)2, respectively). One distinction in 

the immide case (mentioned earlier) is that the orientation of the tetrahedral bonds linked 

to the bridging site are different in the molecular and crystalline structures of the immide 

analogs. The bonding structure in the crystalline immide setting is also a tetrahedral 

network, which would tend to support “opening” of the Si-(NH)-Si angle relative to the 

molecule. The larger Si-(NH)-Si found in the crystalline context is corroborated by very 

recent angular and bond length distribution NMR studies in the closely related 

amorphous Si(NH)2 system [80]. Angular correlations between Si-(NH)-Si angle and 29Si 

chemical shifts on Si sites were analyzed to yield an average inter-tetrahedral angle and 

average Si-N bond length of 137.5° and 1.743Å, respectively, in excellent agreement 

with our DFT results for the crystalline immide analog.  

The structural data contained in Table 3-1 was also used to generate lattice d-spacings 

and simulated x-ray diffraction intensities of α-SiO2 and α-Si(NH)2 using the VESTA 
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code. The results are summarized in Table 3-2 and indicate that the x-ray diffraction 

peaks are expected for (101), (100), (112) and (110). For α-SiO2 these values are in good 

agreement with observed patterns. The ordering of the most intense diffraction signatures 

is essentially the same in α-Si(NH)2 except that the corresponding d-spacings are ~ 2-6% 

larger. One of the only reports of the synthesis of crystalline α-Si(NH)2 was based on 

reactions of ammonia and silicon tetrachloride [179].  X-ray powder analysis in this early 

work suggests a hexagonal Z=3 unit cell with space group C3121, a basal lattice 

parameter a ~ 6.3Å and c/a ratio of ~ 1.10, and observed d-spacings: d(112) ~ 2.36Å, 

d(110) ~ 3.33Å and d(102) ~ 2.86Å.  From a comparison with the data in Table 3-2 we 

conclude that there is no correspondence between our predicted ground state structure 

and the synthesis product discussed in the latter work. 

 
 

Table 3-2: Primary lattice d-spacings in α-
SiO2 and α-Si(NH)2  in decreasing order of 
diffraction intensity. 

 α-SiO2 α-Si(NH)2 
(hkl) d(Å) % d(Å) % 
101 3.407 100 3.550 100 
100 4.340 30 4.424 30 
112 1.853 15 1.938 10 
110 2.506 10 2.554 13 
102 2.326 8 2.469 14 

 
 
3.3.3 Thermodynamic Simulations 

One of the most fundamental considerations in assessing the possibility that Si(NH)2 may 

exist in crystalline form is the evaluation of its thermodynamic stability. The vast 

majority of DFT calculations are carried out in the static lattice approximation, yielding 
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only the electronic energy which is often used as a proxy for internal energy to study the 

formation tendencies of a compound in comparison to some reference states (static 

atoms, molecules, etc.). The zero-point energy obtained from ground state vibrational 

properties is sometimes included as a correction, but the explicit treatment of finite 

temperature corrections allows comparison with thermodynamic table data. Here we use 

the “ab initio” thermodynamic approach described in Section 3.2 to obtain formation 

reaction enthalpies at 298K and 1 bar. Gas phase thermochemistry DFT calculations for 

molecules are first carried using the PBE-GGA functional to obtain ground state 

structures and vibrational data, and thermodynamic corrections. The static calculations 

are then repeated with VASP using the “molecule-in-a-box” approach to obtain common 

reference energies, and thermal corrections are then added. The static ground state 

properties of solid phases then calculated, and thermal corrections are obtained from 

VASP but using harmonic phonons as implemented in the Phonopy package. In both the 

molecular and solid-state cases we verified that all vibrational modes have positive 

definite frequencies indicating that the systems are dynamically stable. Formation 

reactions of crystalline α-SiO2 and α-Si(NH)2 involving a range of gas phases and solid 

(diamond phase) silicon are shown in Table 3-3. These include: (i) elemental formation, 

(ii) formation from silica and H2O and/or NH3, (iii) formation from “ether-like” silyl 

analogs containing bridging O or NH, (iv) formation from tetrahedral Si-based molecular 

sources and (v) several reactions involving formation from hybrid sources (e.g., mixtures 

of those above.  As can be seen from Table 3-3 all of the formation reactions are 

exothermic, with the largest values  associated with elemental formation. 
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Table 3-3: Thermally corrected DFT estimates of the formation enthalpies of 
crystalline SiO2(s) and Si(NH)2(s). The reactions for the immide are exothermic and 
comparable in magnitude to their silica analogs except when the reactants contain pre-
formed Si-N bonds, in which case they are slightly more exothermic than their Si-O 
counterparts. Numbers in parentheses are experimental values from [91] 

Elemental formation 
ΔH°R,298K 

(kJ / mol) 
 

𝑆𝑖(𝑠) + 𝑂 (𝑔) → 𝑆𝑖𝑂 (𝑠) -808 (-911) 

𝑆𝑖(𝑠) + 𝑁 (𝑔) + H (g) → 𝑆𝑖(𝑁𝐻) (𝑠) -337  

Formation from Si and H2O/NH3   

𝑆𝑖(𝑠) + 2𝐻 𝑂(𝑔) → 𝑆𝑖𝑂 (𝑠) + 2𝐻 (𝑔) -379 (-368) 

𝑆𝑖(𝑠) + 2𝑁𝐻 (g) → 𝑆𝑖(𝑁𝐻) (𝑠) + 2𝐻 (𝑔) -224  

Formation from Si-X-Si bearing precursors (X=O,N)   

2𝑂(𝑆𝑖𝐻 ) (𝑔) → 𝑆𝑖𝑂 (𝑠) + 3𝑆𝑖𝐻 (𝑔) -115  

2𝑁𝐻(𝑆𝑖𝐻 ) (g) → 𝑆𝑖(𝑁𝐻) (𝑠) + 3𝑆𝑖𝐻 (𝑔) -154  

Formation from tetrahedral sources   

𝑆𝑖(𝑂𝐻) (𝑔) → 𝑆𝑖𝑂 (𝑠) + 2𝐻 𝑂(𝑔) -47 (-44) 

𝑆𝑖(𝑁𝐻 ) (𝑔) → 𝑆𝑖(𝑁𝐻) (𝑠) + 2𝑁𝐻 (𝑔) -62  

Formation from hybrid sources   

2H O(g) +
1

2
NH(SiH ) (g) → 𝑆𝑖𝑂 (𝑠) +

1

2
𝑁𝐻 (𝑔) + 3𝐻 (𝑔) 

-369  

2𝑁𝐻 (𝑔) +
1

2
𝑂(𝑆𝑖𝐻 ) (𝑔) → Si(NH) (s) +

1

2
H O(g) + 3H (g) 

-173  
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The discrepancy in the formation for α-SiO2 from elements can be traced to a large 

overestimate of the formation heat of diatomic oxygen. On the other hand the agreement 

with standard thermodynamic data for the water vapor and siloxane based formation of 

silica is excellent. Thermodyanamic data for most of the other molecular sources is scarce 

which is especially surprising for disiloxane which is now widely available as a synthesis 

source. 

 

Figure 3-4: Third law entropies of silica and NH/ND analogs computed using the quasi-
harmonic phonon approximation. Symbols represent experimental data [91]. 

 
To estimate the tendency for spontaneous formation we also estimated the formation 

Gibbs energies of α-SiO2 and α-Si(NH)2. The third law entropies are computed as a 

function of temperature using a quasiharmonic phonon-based approach, as implemented 

in the Phonopy package [86]. The DFT results for silicon and α-SiO2 are in excellent 

agreement with thermodynamic data as shown in Figure 3-4, which also shows a 

comparison with the immide analog (and its deuterated counterpart). Using the 298K 

values for Si, α-SiO2 and α-Si(NH)2 (18.8, 41.3 and 50.9 J/(K mol) respectively), and the 

estimates from molecular calculations for N2(g), O2(g) and H2(g) are 298K (191.8, 205.2 



  53 

and 130.7) we estimate formation entropies of -182.7 and -290.4 J/(K mol) for α-SiO2 and 

α-Si(NH)2 , respectively. Combining the latter with the formation enthalpies from Table 

3-3 we obtain formation Gibbs energies of  ∆ 𝐺 [α -SiO2(s)] = -753 kJ/mol and  

∆ 𝐺 [α-Si(NH)2(s)] = -251 kJ/mol, predicting that crystalline silicon di-immide is 

thermodynamically stable relative to the stable elements. 

 
3.3.4 Compression Behavior and Equation of State 

The compression behavior of α-SiO2 and α-Si(NH)2 was studied by optimizing the 

electronic energy of each system with respect to the cell shape and atomic positions for a 

series of fixed volumes spanning -10% to +40% about equilibrium. The energy 

optimizations were performed using a cutoff energy of 800 eV cutoff and 6x6x6 Γ-

centered k-point grids with a density in the range of 0.003 to 0.004Å-3 per k-point. For 

each system the energy-volume data was fitted to a 3rd order Birch-Murnaghan (B-M) 

equation of state (EOS) to yield the equilibrium energy (E0), volume (V0), bulk modulus 

(B0) and the derivative of the bulk modulus at P=0 (B0'). The results of these fits are 

shown in Figure 3-5, where the static ground state energy (E0 in the figure) obtained in 

section 3.3.2 was subtracted from the E(V) data. The EOS parameters for α-SiO2 and α-

Si(NH)2 obtained from the fitting procedure are summarized in Table 3-4. 
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Figure 3-5 Comparison of compression behavior of α-SiO2 and α-Si(NH)2. Solid lines are 
the equation of state fit. 
 

The volumes listed here correspond to the Z=3 crystallographic cells in both systems and 

agree closely with the values obtained from ground state optimization (see Table 3-1). As 

noted earlier our DFT results slightly overestimate the observed volume of α-SiO2 by 

about 6%, which is typical for the PBE-GGA functional. This leads to a concomitant 

decrease (~ 2GPa) in the calculated bulk modulus relative to that observed. The 

calculated B0’ value of 4.35 is close to the canonical B-M value of 4 for istropic media, 

but  smaller than the values obtained experimentally. The principal finding for α-Si(NH)2 

is that its bulk modulus is predicted to be about 70% larger than the value of that obtained 

for α-SiO2. 
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Table 3-4: Equation of state parameters obtained from the fit to the calculated energy 
volume data. Experimental data A [90] and B[91]. 

 
E0 (eV) V0 (Å3) B0(GPa) B'0 

α-SiO2  -71.523 119.820 

113.13A 

35.1 

37.1A 

4.35, 6a, 

5.99A 

   37.2B 6.40B 

α-Si(NH)2 -96.517 134.9 59.5 3.80 

 
 

To elucidate the difference in compression mechanism between the α-SiO2 and its 

immide analog α-Si(NH)2 we plot the pressure dependence of volume, c/a ratio, average 

inter-tetrahedral angle and average Si-X bond length in Figure 3-6. In part (a) of the 

figure the considerable decrease in compressibility in the immide compared with the 

oxide is clearly evident. Both the calculated volume-pressure behavior of α-SiO2, and the 

c/a ratio (panel (b)) track experimental data fairly well (up to 15 GPa). At low pressures 
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the c/a ratio in α-SiO2 exhibits a near-linear dependence on pressure while its α-Si(NH)2  

counterpart shows a marked change with pressure.  

 

Figure 3-6: Pressure dependence of various α-SiO2 and α-Si(NH)2 properties: (a) volume 
(Å3), (b) c/a ratio, (c) average Si-X-Si angle in degrees and (d) average   Si-X bond 
length (Å).  
 

This can be traced to the response of the NH groups to pressure, as shown in Figure 3-7, 

which shows both side- and top-down views (along c-axis) of the α-Si(NH)2 crystal  

structures at -5, 4 and 53GPa. The left panels in this progression reveal that the NH 

groups tend to become co-planar with the a-b plane with increasing pressure. At the same 

time (see top-down view) they also line up in the vertical direction. This concerted 

interaction between the tetrahedral rotations about the corner sharing nitrogen, and the re-

orientation of the NH groups also explains the crossover of the Si-X-Si angle shown in 

panel (c) of Figure 3-6. Finally, panel (d) in this figure shows the pressure dependence of 
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the average Si-O and Si-N bonds. As noted earlier, the initial values of these bond species 

at P=0 are quite similar to those found in the molecular analogs (1.73Å and 1.63Å in the 

disilazine and disiloxane, respectively). However, with increasing pressure the Si-N 

bonds decrease more rapidly than their oxide counterparts in spite of the reduced 

compressibility of the overall α-Si(NH)2 lattice. This points to a complex compression 

mechanism in the immide in which the Si-N bond-compression is compensated by a re-

orientation of the immide groups (see Figure 3-7) to yield a less compressible lattice 

overall, compared to   α-SiO2. 

Figure 3-7: Structure evolution of NH groups upon compression of α-Si(NH)2. 

 

3.3.5 Electronic Structure 

 In view of the structural similarities of α-SiO2 and its immide analog α-Si(NH)2 it is of 

great fundamental interest to compare their electronic and optical properties. It is well-

known that the most commonly employed exchange-correlation functionals such as LDA 
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[18] or GGA [23] lead to significant errors (up to 40%) in the band gap of semiconductors 

and insulators [94]. Here, to obtain a more quantitative description of the electronic band 

structure of α-SiO2 and α-Si(NH)2  crystalline systems we adopt the TB09 meta-GGA 

methodology [94] as implemented in the ELK all-electron FPLAPW code [95]. This 

approach uses a post-SCF exchange-correlation potential and account of kinetic energy 

density to systematically improve the prediction of band gaps. Accurate ground state 

densities were computed using default muffin-tin (MT) radii, an RGKmax = 7.0 and 8x8x8 

k-point grids.  

The electronic band structure of α-SiO2 and α-Si(NH)2  obtained using the PBE 

ground state densities in conjunction with the TB09 meta-GGA are shown in Figure 3-8. 

In the case of α-SiO2 we find an indirect band gap of 8.2 eV in close agreement with the 

experimentally determined value of 8.9 eV [96], with the transition occurring from K 

(valence band) to Γ (conduction band) as shown in Figure 3-8. We note that previous DFT 

studies based LDA yield significantly smaller band gaps in the range of 5.6-5.8 eV [91], 

[92]. For α-Si(NH)2, using theTB09 meta-GGA, we predict a significantly smaller indirect 

band gap of 5.5 eV (comparable in magnitude to that of diamond). The transition is found 

to be similar in character to that in SiO2 except that the maximum in the valence band 

occurs at the A point so that the indirect transition is from A Γ.   
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Figure 3-8: Electronic band structure of α-SiO2 and α-Si(NH)2 

 

We also used the ELK code to perform a brief comparative study of the reflectivity 

spectrum of α-SiO2 and α-Si(NH)2 . Early experimental reflectivity studies [97] revealed 

that the reflectivity spectrum of amorphous and crystalline SiO2 are very similar, and that 

both are dominated by excitonic peaks in the 10-15 eV region. It is therefore of 

significant interest to establish whether similar behavior is exhibited by the immide 

analog Si(NH)2. Accordingly, here we calculate the excitonic contributions to the 

dielectric response by solving the Bethe-Salpeter (B-S) equation as implemented in the 

ELK code. Using highly converged PBE-GGA ground state electron densities 

corresponding to the optimized static ground state structures, and the TB09 meta-GGA, 

the B-S self-energies were obtained by self-consistent iteration using a 4x4x4 k-point grid 

and approximately 20 empty states. The result of these calculations is shown in Figure 

3-9 which shows that the dielectric function obtained in this way yields a good 

quantitative account of the observed reflectivity spectrum of SiO2 in the 0-15 eV range, 



  60 

notably the magnitude of the reflectivity of ~ 10% in the 10-15 eV range. For the immide 

we predict an enhancement of the reflectivity from ~ 4% (SiO2) to ~7% at low energies, 

and a primary exciton peak corresponding to R ~15% in the 7-10 eV range. A second 

stronger peak in reflectivity is predicted to occur near in the vicinity of 13 eV. 

 

Figure 3-9: Calculated reflectivity spectra of α-SiO2 and α-Si(NH)2. Experimental data 
from [97] is shown in blue. 

 

3.3.6 Vibrational Spectra 

As mentioned in the introduction, vibrational spectroscopy (Raman and FTIR) have been 

used in numerous studies to identify the presence of immide units formed during various 

synthesis processes. In view of the structural and bonding similarities in α-SiO2 and α-

Si(NH)2 discussed above, a detailed comparison their corresponding vibrational spectra is 

not only of significant fundamental interest, but also needed to support experimental 

investigations.  Accordingly, we carried out a brief study of vibrational properties α-SiO2 
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and α-Si(NH)2. The harmonic phonon spectra of both systems were calculated using 

density functional perturbation theory (DFPT) as implemented in the VASP code, in 

conjunction with the Phonopy package [86]. Force constants were obtained using 2x2x2 

supercells which were structurally optimized to a very high precision to yield residual 

forces atomic forces below 10-7 eV/Å.  We verified that all vibrational frequencies are 

positive definite, confirming that the ground state structures are dynamically stable. The 

infrared intensities were obtained using the dielectric response features implemented 

within the VASP code, including the Born effective charge (BEC) tensor, which were then 

combined with the Γ-point phonon eigenvectors to calculate the infrared intensity [98]. The 

corresponding off-resonance Raman spectrum was obtained by calculating the activity of 

each Γ-point phonon mode using a procedure developed by Porezag and Pederson [96], 

where derivatives of the dielectric tensor for each phonon mode were generated using 

DFPT (as implemented in the VASP code), by finite differences.  

As can be seen in Figure 3-10 the spectra obtained from first principles are in excellent 

agreement with experiment for α-SiO2. Our principal finding is that both α-SiO2 and α-

Si(NH)2 exhibit a strong characteristic ~460 cm-1 “Si-X-Si” bending mode in the Raman 

spectrum. In general, a much richer spectrum is predicted for the immide analog, 

including a distinct Raman (and IR) active NH stretch at ~ 3390 cm-1. The right panel of 

Figure 10 shows infrared spectra, where for α-SiO2 the well-known modes ~ 460cm-1, ~ 

700cm-1 and ~ 800cm-1 are fairly well reproduced by our DFT calculations (but with 

slightly underestimated ~ 10cm-1 frequencies).  
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Figure 3-10: Comparison of Raman and IR spectra of α-SiO2 and α-Si(NH)2 . Colored 
traces are experimental data for α-SiO2 from Ref[64]. The discrete spectral features 
obtained from simulation were broadened using a Gaussians of half-width 10 cm-1. 
 

 
The corresponding Si-(NH)-Si IR modes in α-Si(NH)2  occur at ~ 465cm-1,  ~ 690cm-1 

and ~ 780cm-1 respectively, but with slightly higher absorption. The most significant 

difference between the IR spectra of α-SiO2 and α-Si(NH)2  is in the primary absorption 

band involving asymmetric Si-X-Si stretching (1040 cm-1
  in the oxide). In the case of the 

immide the coupling between NH2– units appear to induce large Davydov splitting in this 

characteristic vibration, which appears as two features near ~ 900cm-1 and ~ 1200cm-1. A 

more detailed discussion of these spectra will be discussed in an upcoming publication. 

We note that in addition to the present α-SiO2 and α -Si(NH)2 context, the guidance 

provided by DFT-based Raman and infrared spectrum simulations may also elucidate the 

characterization of other systems such as silicate minerals and technological materials 

containing N, H or immide groups. 
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3.4 Conclusion 

We have presented a comparative PBE-GGA density functional theory study of the 

structural, thermodynamic, thermoelastic, electronic and vibrational properties of α-SiO2 

and its immide analog α-Si(NH)2. We also briefly studied the corresponding molecular 

analogs, disiloxane and disilazine, to elucidate and compare the fundamental character of 

Si-O and Si-N single bonds. The optimized crystal structures of α-SiO2 and α-Si(NH)2 were 

found to be very similar. The substitution of NH for O leads to a ~ 13% volume increase 

in the immide analog. The intra-tetrahedral bonds in oxide and immide analog are found to 

be 1.63Å and 1.73Å, respectively, almost identical to those in the molecular analogs. 

Another notable distinction in the immide analog is the marked reduction in the inter-

tetrahedral angle (~ 138o) compared to value in α-SiO2 (~ 146o). The calculated Si-N bond 

length and Si-(NH)-Si angle are in good agreement with the corresponding values in 

amorphous Si(NH)2 (1.743Å and 137.5o, respectively) obtained in a recent 29Si NMR 

study. Our compression studies of α-SiO2 and α-Si(NH)2 predict that the bulk modulus of 

the immide is about twice that of the oxide, and that the compression mechanism in the 

immide is complex, involving compensating effects associated with intra-tetrahedral bond 

length reduction and NH group re-orientations within the lattice.    

Thermochemistry simulations using a consistent treatment of both molecular and 

solid reactants and products using the PBE GGA functional predict heats of formation of -

808 kJ/mol and -337 kJ/mol for α-SiO2 and α-Si(NH)2, respectively, and corresponding 

Gibbs energies of formation stable with ΔG , = -753kJ/mol and ΔG , = -251kJ/mol, 

indicating that the crystalline phase of the immide analog is stable against decomposition 
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to Si(s), N2(g) and H2(g). We propose a number of potential synthesis routes involving a 

range of known gas phase sources and elemental Si(s).  

We also compared the electronic properties of α-SiO2 and α-Si(NH)2 using a meta-

GGA post-SCF approach. The predicted band gap in the oxide [indirect Eg(KΓ) ~ 

8.2eV] is in excellent agreement with experiment, while the corresponding band gap 

predicted to be significantly smaller [indirect Eg(A Γ ~ 5.5eV].  The reflectivity spectra 

of α-SiO2 and α-Si(NH)2 were also simulated and show that the immide exhibits an 

excitonic structure similar to that of its oxide counterpart, but with features shifted to lower 

photon energy and an overall increase in reflectivity over the 0-15 eV range. 

The vibrational properties of α-SiO2 and α-Si(NH)2 were also briefly compared by 

calculating the harmonic phonons, dielectric function, Born effective charges and 

polarizability derivatives to obtain Raman and infrared spectra.  The latter are well-

reproduced in the case of α-SiO2 indicating that the predictions for α-Si(NH)2 obtained 

using the same methodology should be equally reliable. The main outcome of these 

comparisons is that the oxide and immide analog share key features involving rigid NH 

group motions relative to Si, while asymmetrical Si-NH stretching modes in the immide 

exhibit splitting due to strong coupling between NH units. 
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4 First principle study of a BeF2 phase diagram, a critical comparison of outcomes 

using LDA, GGA and vdW corrected DFT 

4.1 Introduction 

Beryllium fluoride, BeF2, has a long history of useful industrial and scientific 

applications. For example glassy BeF2 is used in making Infrared optical components 

and fibers [99],  a molten salt mixture of Beryllium and Lithium Fluoride is used as a 

coolant in nuclear fission reactors (or Molten Salt Reactor, MSR) [100][101]. The 

compound is also used in protein crystallography  to restrict protein motion and 

facilitate the crystallography process [102][103]. Depending on specific the physical 

condition, BeF2 can exist in different form and structures. Gaseous BeF2 has a linear 

(CO2-like) structure [104] while its molten salt shows a water-like structure 

[105][106]. The vitreous form of BeF2 has been subject of many experimental and 

computational (theoretical) studies [107][108][109][110][111]. However, in the recent 

years, similarities between α-BeF2 and α-SiO2 have attracted a lot of attention in solid 

state research [112][113][114][115][116][117][118][119][120][121]. While many 

other alkaline earth metal fluorides crystallize in CaF2 structure at low pressures, BeF2 

chooses to crystallize in a corner sharing tetrahedral framework analogous to SiO2 

[113]. The phase variety of SiO2 in a wide range of pressures, over 100Gpa,[121][122] 

has led to a great amount of research in BeF2 phase transformation in the same 

pressure range. Recently, theoretical efforts have been carried out to predict BeF2 

phase ordering and BeF2 phase stability in pressures up to 50GPa [104][117][118]. 

Despite the similarities between α-BeF2 and α-SiO2, it’s very hard to obtain α-BeF2 via 
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routine procedures that have been used for crystallizing α-SiO2. Possible reasons may 

include: the high reactivity of F2, the toxicity of Be (or BeF2) and electron deficiency 

of Be which makes it a suitable electron acceptor specially in the presence of oxygen 

or water. Also, in its liquid phase, BeF2 has high viscosity so the hydro-thermal 

methods cannot be used to crystallize it. 

In 1988, Wright et al.[113] were the first to report the structural data and neutron 

scattering (diffraction) patterns for α-BeF2 and β-BeF2 by de-vitrification of vitreous 

BeF2. Later in 1998, Verhelst and Wolf  [123] synthesized α-BeF2 by pressurizing a 

pure sample of vitreous 

BeF2 until 20 Kbar at 1200 ◦C for 12 hours. Recently, Ghalsasi and Ghalsasi [120] 

obtained the single crystal α-BeF2 via sublimation of amorphous BeF2 under static 

reduced pressure. 

In this chapter, the structure and phase ordering of crystalline BeF2 up to 8 GPa at zero 

and 300K have been investigated using LDA and GGA methods [18] [124] and the results 

have been compared with experimental and former computational reports 

[104][113][118][120][123][117] Also, the static Bulk modulus (𝐵 ) and first derivative of 

Bulk modulus (𝐵 ) values for different phases have been obtained by fitting the static 

energy-volume data to 3rd order Birch-Murnaghan equation of state [125][126] and static 

enthalpy-pressure data to an imperial polynomial. Also, the effect of adding Van der 

Waals corrections to the static calculations has been reported. The effect of thermal 

corrections on the volume of the unit cell and phase ordering for α-BeF2 and Coesite at 

300K is obtained too. 
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4.2 Computational Details 

Well-converged static ground state structures and energies for different BeF2 phases 

are obtained by carrying out first principles density functional theory (DFT) 

calculations [15] [4] within Ceperley-Alder (CA) local density approximation (LDA) 

[18] and Perdew- Burke- Ernerhof (PBE) generalized gradient approximation (GGA) 

[124] as implemented in the VASP package [81][83][85]. A combination of hard and 

soft projector augmented wave (PAW) pseudo-potentials [35] have been employed for 

LDA calculations whereas PAW-PBE Perdew-Burke- Ernzerhof [85] pseudo-

potentials are applied for PBE-GGA calculations. For both LDA and PBE-GGA 

calculations the a plane-wave basis set used with kinetic energy cutoff of 800 eV Γ-

centered Brillouin zone sampling technique is used to define a fine grid with the k-

points density in the range of 0.002 to 0.003 (Å per k-point). This range has been 

obtained from dividing the volume of the BZ by the number of k-points used to 

sample. An energy tolerance of 1.0 × 10−8 eV/atom is used while residual atomic 

forces are below  0.001 eV/Å. Phonons for the different BeF2 phases were obtained 

using density functional perturbation theory (DFPT) [85]  as implemented in the VASP 

code [82][81], while the Phonopy package [86] was used as a back-end to perform 

thermodynamic calculations. The VASP phonons provide the required information to 

obtain the Helmholtz free energy. For each phase the Gibbs energy is obtained using a 

procedure that will be described below. Supercells with linear dimension larger than 

RIFC are adopted to ensure convergence of thermodynamic properties. Van der Waals 

corrections are added by using DFT-D3 method [19] via VASP. The van der Waals 

parameters are listed as 30.00 Å, 20.00 Å and 0.750 as the cutoff radius for pair 



  68 

interactions, the cutoff radius for calculating the coordination number and the damping 

parameter, respectively. 

4.3 Result and Discussion 

4.3.1 Static Stability and Phase Transitions 

In the first place, as the motivation for doing this study is finding similarities between 

SiO2 and BeF2 polymorphs, the structural parameters of α-BeF2 and α-SiO2 have been 

compared in Table 4-1. As can be seen in Figure 4-1, both structures are crystalized in 

a trigonal crystal system with three formula unit (Z) in each unit cell. 

 

Figure 4-1 Comparison the structural similarities between α-SiO2 (left) and α-BeF2 
(right) 
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Table 4-1 Comparison of the structural parameters of α-SiO2 and α-BeF2 

Parameter α-SiO2 α-BeF2 

Space group P3221 P3221 

Crystal Structure 
Hexagonal Hexagonal 

Lattice parameters   

a (Å) 
4.916 4.739 

c (Å) 
5.405 5.187 

𝑐

𝑎
 1.099 1.095 

Ω (Å3) 
37.7 33.6 

Bond length (Si-O/ Be-F) 
(Å) 1.61 1.55 

𝜃(𝑂 − 𝑆𝑖 − 𝑂)/(𝐹 − 𝐵𝑒
− 𝐹) 144° 145° 

𝜌 (
𝑔

𝑐𝑚
) 2.65 2.32 

 

Structural parameters including the unit cell system, space group, lattice parameters, 

volume of the unit cell for various phases of BeF2 consisting of α-quartz, β-quartz, 

Coesite-I, α-Cristobalite, Moganite, P212121-I, C2/c-4×2, Stishovite and α-CaCl2 from 

the LDA and PBE-GGA methods, are obtained. The outcomes have been compared 

with the previous LDA and GGA studies [117][120][123][113][115][118]. In the case 

of α-quartz and β-quartz, the values have been compared with the available 

experimental data [123] too. The results are summarized in Table 4-2. 
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Table 4-2 Equilibrium structure parameters for various BeF2 phases 

Structure 
Space 
group 

Unit cell Z(f.u.) a (Å) b (Å) c (Å) α β γ 
Ω 

(Å𝟑) 
α- BeF2 P3121 Hexagonal 3  -      

This study (LDA)    4.638 - 5.10 90.0 90.0 120.0 31.60 

Others (LDA)[115]    4.666 - 5.160    32.44 

This study (GGA)    4.90 - 5.36 90.0 90.0 120.0 37.02 

Others (GGA)[118]          33.06 

Exp.[113][120]  
 

 
4.734 
4.739 

 

- 
5.18 
5.19 

   
33.63 

β- BeF2 P6222 Hexagonal 3        
This study (LDA)    4.833 - 5.31 90.0 90.0 120.0 35.87 

Others (LDA)[115]     4.960 -  5.45        
This study (GGA)    4.93         - 5.40 90.0 90.0 120.0 37.91 

 Exp.[113]    4.806 - 5.240     
α- Cristobalite P41212 Tetragonal 4        

This study (LDA)    4.684 - 6.373  90.0 90.0 90.0 34.95 

Others (LDA)[115]    4.695c  6.318    34.82 

This study (GGA)    4.960 - 6.910 90.0 90.0 90.0 42.56 

Coesite-I C2/c Monoclinic 8        
This study (LDA)    6.774 11.811 6.858 90.0 120.43 90.0 29.57 

Others (LDA)[115]    6.864 12.110 7.018    31.26 

This study (GGA)    7.050 12.142 7.000 90.0 119.8 90.0 32.52 
Others (GGA)[118]          31.830 

Moganite C2/c Monoclinic 6        

This study (LDA)    12.944 4.550 8.133 90.0 128.84 90.0 31.10 
This study (GGA)    13.76 4.93 8.72 90.0 129.35 90.0 38.12 

Others (GGA)[117]    12.008 4.191 7.103 90.00 125.82 90.00  

P212121-I  Orthorhombic 8 
 

       

This study (LDA)    4.825 7.658 8.818 90.0 90.0 90.0 40.73 
This study (GGA)    5.073 8.360 9.222 90.0 90.0 90.0 48.87 

Others (GGA)[117]    5.195 8.519 9.560 90.0 90.0 90.0  

C2/c- 4×2  Orthorhombic 
 

8 
 

       

This study (LDA)    8.594 4.498 8.027 90.0 113.94 90.0 35.45 
This study (GGA)    8.660 4.924 8.743 90.0 111.0 90.0 43.510 

Others (GGA)[117]    8.940 5.031 8.977     
Stishovite P42/mn

m 
Tetragonal 2        

This study (LDA)    4.1150 4.1150 2.55048 90.0 90.0 90.0 21.60 

Others (LDA)[115]    4.174 - 2.613    22.77 

This study (GGA)    4.324 - 2.555 90.0 90.0 90.0 23.90 
Others (GGA)[118]          23.885 

α- CaCl2 Pnnm Orthorhombic 2        

This study (LDA)    4.115 4.115 2.550 90.0 90.0 90.0 21.60 
Others (LDA)[115]    4.170 4.168 2.516    22.73 

This study (GGA)    4.325 4.325 2.555 90.0 90.0 90.0 23.90 
Others (GGA)[117]    3.796 3.959 2.445 90.00 90.00  90.00  
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Static energy per formula unit at equilibrium of the fully relaxed (optimized) crystals 

gained by the LDA method, shows α-quartz phase with the ground-state energy 𝐸 = -

18.6891 eV is the most stable BeF2 polymorph at 0 GPa pressure. This is in agreement 

with the former experimental and LDA studies [123][115]. However, PBE-GGA 

calculation results reveal that α-Cristobalite has the lowest total energy (𝐸 = -17.3046 

eV) at ambient pressure and is the most stable phase at ambient pressure. Even C2/c-

4×2 is more stable than α-quartz while Coesite is introduced as an unstable phase at 

zero pressure (Table 4-3). To resolve these inconsistency between these two well-

known computational methods, studying the phase ordering between the designated 

phases seems inevitable since the same computational problem with SiO2 polymorphs 

at low pressure has been observed [117]. Although at high pressures the PBE 

functionals can correctly predict the pressure induced phase transitions of SiO2 

polymorphs[117]. 

At zero temperature, in the absence of the entropy contribution, enthalpy and Gibbs 

free energy for each crystal structure are the same. Therefore, to study the phase 

stability and phase ordering of the different phases of BeF2 in the pressure range of 0 

GPa to 8 Gpa, enthalpy of each phase relative to the enthalpy of the α-quartz phase, 

has been obtained directly from the static ground state electronic energy (U) and the 

(PV) term. (H = U + PV) 

Enthalpy versus pressure data is fitted to an empirical polynomial that has the below 

form: 
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Figure 4-2 demonstrates that independent calculations by different groups using 

different simulation codes at the PBE-GGA level of DFT, predict similar polymorph 

ordering at low pressure (< 10 GPa) which is in contrast with the experimental data 

[123]. The results are collected in table 4.3. 

            
Table 4-3 DFT-GGA phase stability and phase ordering for various BeF2 

polymorphs, obtained by GGA calculation (this study) 
System Z (f.u) V0(Å ) E0(eV) ∆E(meV)a 

α − quartz 3 37.02 -17.2932 0 

β − quartz 3 37.91 -17.2924 1 

α − Cristobalite 4 42.56 -17.3046 -11 

Coesite 16 32.52 -17.2464 47 

C2c-Z8 8 43.51 -17.3031 -10 

CaCl2 2 23.89 -16.3660 927 

Mogoanite 12 38.11 -17.2927 1 
P212121-I 8 48.86 -17.2943 -1 

Stishovite 2 23.89 -16.3649 928 

            a Equilibrium energy of α-quartz has been used as reference 
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Figure 4-2 Left: VASP PBE-GGA (PAW) this work, Right: CASTEP PBE-GGA 
(USPP) Nelson et al., Phys. Rev. B 95, 054118 (2017) 

By Plotting energy per BeF2 formula unit (eV) versus unit cell volume (Å3) for 

different phases (Figure 4.3) the other downside of the PBE-GGA method manifests 

itself which is a significant overestimation of the volume of the BeF2 phases. For 

instance, PBE-GGA calculations overestimate the volume of α-quartz BeF2 by 5-10% 

more than its actual value [113][117][120] Inclusion of thermal corrections (lattice 

expansion) would further amplify this error. This problem will be discussed in more 

details in section 4.3.4. 
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Figure 4-3 The incorrect phase ordering and volume over-estimations obtained from 
PBE-GGA calculations (this study). 

 
The outcome of PBE-GGA simulations prompted carrying out a comparative study 

using LDA functionals with the same code and computational conditions to acquire the 

correct phase ordering in the same pressure range. Correct phase ordering can be 

obtained by using LDA method as figure 3 shows. Furthermore, LDA gives reasonable 

stability for Coesite at ambient pressure. The LDA results are summarized in Table 

4-4. Observing a noticeable variety of BeF2 polymorphs in a small range of volume 

(Figure 4-4) suggests a displacive phase transition mechanism for these structures. 
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Table 4-4 DFT-LDA phase stability and phase ordering for various 
BeF2 polymorphs obtained by LDA calculation (this study) 

System Z (f.u) V0(Å ) E0(eV) ∆E(meV)a 

α − quartz 3 31.06 -18.6891 0 

β − quartz 3 35.87 -18.6628 26 

α − Cristobalite 4 34.95 -18.6653 24 

Coesite 16 29.57 -18.6871 1 

C2c-Z8 8 38.07 -18.6551 34 

CaCl2 2 21.60 -18.1505 539 

Mogoanite 12 31.09 -18.6874 2 
P212121-I 8 42.94 -18.6458 43 

Stishovite 2 21.60 -18.1505 539 

              a Equilibrium energy of α-quartz has been used as reference 

 

 

Figure 4-4 Left: Static energy per formula unit versus volume obtained by LDA (this 
study); Right: Enthalpy per formula unit versus pressure obtained by LDA (this study) 
 

 
4.3.2 Compressibility 

Compressibility measures the variation of the crystal’s volume with respect to 

pressure. To examine the ability of GGA and LDA methods to calculate the 

compressibility of the mentioned phases, bulk modulus 𝐵 and its first derivative 𝐵  at 
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ambient pressure have been calculated for both methods by using 3rd order Birch-

Murnaghan equation of state [125][126]. The results have been collected in Table 4-5 

and Table 4-6 accompanied with the earlier 

Studies [115][118]. 

Both LDA and GGA outcome predict α-cristobalite and C2/c-4×2 are the most 

compressible phases whereas CaCl2 and Stishovite phases are the most in-

compressible ones. For α-quartz BeF2, B0 and  𝐵  gained by LDA are in well 

agreement with the experimental values obtained by VerHelst et al. [123]. 

 

Table 4-5 Bulk modulus and the first derivative of bulk modulus obtained from DFT-
LDA calculations (this study) 

System 
 

𝐸 (eV)  
𝐸 (OPT) 

(eV) 
𝑉 (Å ) 𝑉 (OPT)

(Å ) 
𝐵  

(Gpa) 
𝐵  

P
EOS 

(MAX) 
(GPa) 

α-quartz -18.6910 -18.6891 31.84 31.60 21.3 6.04 35 
β-quartz -18.6632 -18.6628 35.83 35.78 73.5 1.94 18 

α-
cristobalite -18.6640 -18.6653 

34.71 
34.95 

5.5 12.50 6 

Coesite -18.6913 -18.6911 29.50 29.57 51.8 5.69 62 

C2c-z8 -18.6609 -18.6629 35.54 35.45 6.2 8.63 7 

CaCl2 -18.1506 -18.1505 21.61 21.60 152.0 5.14 57 

Moganite -18.6882 -18.6874 31.11 31.09 20.0 7.14 25 

Stishovite -18.1506 -18.1505 21.62 21.60 147.2 5.51 64 
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Table 4-6: Bulk modulus and the first derivative of bulk modulus obtained from DFT-
GGA calculations (this study) 

System 
Z 

(f.u.) 
𝐸 (eV) 𝐸 (OPT) 

(eV) 𝑉 (Å ) 𝑉 (OPT)(Å ) 𝐵 (Gpa) 𝐵  
PEOS 

(MAX) 
(Gpa) 

α-quartz 3 -17.2934 -17.2932 36.76 37.02 17.1 5.21 50 

β-quartz 3 -17.2925 -17.2924 37.91 37.91 67.0 2.62 20 
α-

Cristobalite 4 -17.3048 -17.3046 43.36 42.56 4.4 7.00 6 
Coesite 16 -17.2463 -17.2464 32.71 32.52 39.9 5.31 50 

C2c-Z8 8 -17.3032 -17.3031 44.26 43.51 4.0 7.50 8 
CaCl2 2 -16.3661 -16.366 23.74 23.89 98.0 6.20 57 

Moganite 12 -17.2924 -17.2927 38.02 38.11 9.4 7.50 25 

Stishovite 2 -16.3661 -16.3649 23.74 23.89 96.8 6.30 70 
 

For β-quartz, CaCl2 and Stishovite, 3rd order B-M EOS [125][126] cannot explain the 

behavior of the system at high pressures. It means at high pressures there is an 

interplay between the cell volume and the internal degrees of freedom and maybe the 

stiffness of these systems is no longer isotropic. Deviation of the 𝐵   from the value of 

4, further reinforces this idea. The severe softness of α-Cristobalite and C2/c-4×2 can 

be justified by comparing Be-F-Be angle in different structures Figure 4-5. 
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Figure 4-5 Structures of BeF2 polymorphs at P = -1 GPa. θ represents the Be-F-Be 
angle. Small gray balls represent F atoms whereas large gray balls represent Be atoms.
  
 

4.3.3 Van der Waals Corrections 

Static lattice calculations using the dispersion corrected PBE-GGA functional (DFT-

D3) accurately reproduce the observed 300K α-quartz equilibrium volume. By 

considering the intrinsic volume overestimation issue of the GGA methods, this 

conclusion indicates that inclusion of thermal expansion in the static data would 

worsen the agreement. Another DFT-D3 deficiency comes to notice by studying the α-

quartz  BeF2 compressibility that is severely underestimated, by about 50%; which 

makes DFT-D3 unsuitable for EOS studies. Figure 4.6 shows the unusual stiffness that 
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has been added to the α-quartz BeF2 by adding van der Waals corrections. A 

comparison between the obtained static volume and bulk modulus of optimized α-

BeF2 from LDA, GGA and DFT-D3 has been shown in Table 4-7. 

 

Figure 4-6 Inclusion of Van der Waals corrections in DFT calculations by using DFT-
D3 method 
 

Table 4-7 A comparison between the obtained static volume and bulk 

modulus of optimized α-BeF2 from LDA, GGA and DFT-D3 

α-BeF2 LDA GGA 
DFT- 

D3 
Exp. [123] 

𝑉 (Å ) 31.60 37.02 33.47 33.63 

𝐵 (𝐺𝑃𝑎) 21.3 17.1 28.7 22.2 
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4.3.4 Phonon Calculations and Thermal Expansion 

For the first time, in this study thermal corrections were included by computing the 

quasi-harmonic Helmholtz Free energy [87] at a series of volumes used in the static 

EOS. The static and thermally corrected pressure-volume data for α-BeF2, obtained by 

using LDA and GGA methods (Figure 4-7). In both cases, the thermal expansion is 

approximately 3% at ambient pressure. In the case of LDA, the thermal corrections 

bring the compression EOS closer to the experimental data, but for GGA the corrections 

amplify the discrepancy with data. 

 

Figure 4-7 Comparison of static and thermally corrected LDA and GGA pressure-
volume data for α-BeF2 with the experimental data[123] 
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Also, the effect of the thermal corrections on the BeF2 phase ordering has been tested 

for α-quartz and Coesite phases (Figure 4-9). The static lattice E(V) data for these two 

phases was fitted to an analytic equation of state such as Birch-Murnaghan EOS 

[125][126]. Gibbs energies are approximated using the following procedure: (i) static 

lattice enthalpy for each phase is calculated over a range of volumes 

surrounding equilibrium, (ii)  Phonopy [82] is used at each of these volumes to 

generate “constrained” Helmholtz energy as a function of temperature Fth (V; T) 

and then fitted to an analytic equation of the form ( 4-1): 

𝑎(𝑇) + 𝑏(𝑇)𝑉 +
𝑐(𝑇)

𝑉
 ( 4-1 ) 

              

Finally, the thermal EOS corresponding to the Gibbs Energy minimum volume 

at finite T and P is obtained by combining the static-lattice enthalpies with 

Fth(V ;T ) and repeating the EOS fitting as function of temperature. The re-fitting 

procedure is described schematically in Figure 4-8: 

 

 

 

 

 

 

+ = 

static E(V) data fitted to 
the B-M  

 fitting F(V, T) to 
the analytic 
formula  

Thermal 
expansion 

Figure 4-8 Combining E(V) and Fth (V; T) data to obtain thermal expansion 
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To illustrate the impact of including the thermal corrections we show the outcome for 

300K using α-quartz and Coesite phases. These both exhibit a similar (2-3%) thermal 

expansion as seen from a plot of the Eth-V data. The transition pressure obtained from 

common tangent of the slopes at 300K is virtually almost unaffected (Figure 4-9). The 

outcomes prove the phase ordering obtained from the static calculations is reliable. 

 

Figure 4-9 Energy versus volume at zero and 300K for α-quartz BeF2 and Coesite BeF2 

phases. Red lines represent the common tangent slopes. 

 

4.4 Practical Approach to Generate the BeF2 Phase Diagram 

Finding the thermal expansion and phase ordering of two α-quartz and Coesite BeF2 

phases at 300K, motivated us to move forward and find the phase ordering for various 

BeF2 polymorphs at any given temperature and pressure, which leads to construction 

the first to date BeF2 (P-T) phase diagram. 
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The phase diagram construction procedure can be summarized in the following steps: 

1) First, a pressure range including few tension points is defined.  

2) The optimized volume corresponding to each pressure point is obtained (PV term). 

3) P-V data has been fitted to the third-order B-M equation of sate [125] 

4) Next, at each optimized volume point, which has been used in the static EOS, Fth for 

a given temperature is obtained. Then, Fth-V data is fitted to the analytic equation 4-1. 

(Figure 4-10) 

 
5) Then the static lattice E0(V) data which has been fitted to the third-order B-M 

equation of state [125] is combined with the Fth(V) to gain the thermally corrected 

energy at each volume. 

6) Gibbs free energy can be defined as the summation of the quasi-harmonic 

Helmholtz free energy and the PV term as has been shown below ( 4-2): 

F
(V

) 
(e

V
) 

V(Å
3
) 

Figure 4-10 Quasi-harmonic Helmholtz free energy at a series of volume used in the 
static EOS is fitted to equation (4-1) at 0K, 500K and 1000K 
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𝐺(𝑇, 𝑃)  =  𝑚𝑖𝑛  [𝐸 (𝑉)  +  𝐹 (𝑉)  +  𝑃𝑉] ( 4-2) 

 

 

Therefore, the minimum value of the Gibbs free energy at the equilibrium volume for 

any pressure and temperature is obtained by minimizing the summation of the quasi-

harmonic Helmholtz free energy [87] and the PV term. 

7) Finally, P-T phase diagram is constructed by searching for G(p,T) intersections 

(coexistence) points between various phases. 

By applying the thermodynamic correction procedures described above, a rudimentary 

phase diagram for BeF2, including a new “moganite” phase intermediate to the coesite 

and stishovite phases, at 300K and under pressure, has been obtained (Figure 4-11) 

 

Quasi-harmonic Helmholtz free energy 
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Figure 4-11 Primitive temperature- pressure BeF2 phase diagram 

 

4.5 Conclusion  

Density functional theory calculations of the BeF2 polymorphs have shown that the 

pressure induced phase transitions predicted for LDA and GGA are qualitatively 

different. The calculations appear to indicate that GGA does not provide a quantitative 

description of some fundamental properties of BeF2. GGA significantly overestimate 

the volume of BeF2 phases (5-10% for α-BeF2) and inclusion of thermal corrections 

(lattice expansion) would further amplify this error. Furthermore, GGA predicts an 

incorrect ordering of phases with increasing pressure. These observations imply that 

the GGA is not suitable for the study of finite temperature properties of BeF2 
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polymorphs. Although the DFT-D3 results are in a very good agreement with the 

experimental results at ambient pressure, this method is not trustworthy for studying 

the behavior of BeF2 polymorphs at high pressures. Thermal contributions to the static 

EOS at 300K lead to a volume expansion of approximately 3% in both the a-quartz 

and Coesite phases, and a negligible shift in the α-quartz/Coesite transition pressure. 

The taken steps creates a lot of excitement using LDA method to create a sophisticated 

model to obtain the BeF2 phase diagram based on quasi-harmonic free energy. 
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5 Ab-initio thermochemistry of the Si2N2(NH) analog of Si2N2O 

Text and figures in this chapter were reprinted with permission from N. Masoumi, G.H 
Wolf and A.V.G. Chizmeshya, “submitted” to Journal of Computational Materials 
Science (April 2021) [181] 
 

5.1 Introduction 

Silicon oxynitride, (𝑆𝑖 𝑁 𝑂), has always been considered as a stable intermediate and 

linkage between the two well-known industrial materials SiO2 and Si3N4 [127][128][129]. 

In its naturally occurring state silicon oxynitride is known as sinoite, and was it discovered 

as a component in a meteorite sample in 1964 [130]. At the same time, Brosset et al. [75] 

synthesized 𝑆𝑖 𝑁 𝑂 crystal by heating a mixture of silicon and quartz in the presence of 

nitrogen. Characterization studies of 𝑠𝑖𝑛𝑜𝑖𝑡𝑒 [130][131][132][133] indicate it has an 

orthorhombic structure with space group Cmc21 (#36) with four formula units per unit cell 

(Z = 4). Here the silicon atoms are surrounded by 3 nitrogen atoms and one oxygen atom 

in a tetrahedral framework, while nitrogen atoms are three-fold coordinated. From another 

perspective, these SiN3O tetrahedrons could be viewed as folded (puckered) hexagonal 

Si2N2 layers in the y-z plane which are connected via oxygen atoms along the x direction. 

In 1982, Baak [134] discovered that optical band gap of glassy SiOxNy materials can be 

tuned via composition. This discovery forged a path for optoelectronic applications of 

silicon oxynitride compounds, which also exhibit a remarkable degree of oxidation 

resistance up to 1600°C,  and excellent mechanical/flexural strength up to temperatures as 

high as 1400°C [135][136]. These characteristics along with silicon oxynitride’s desirable 

dielectric properties [137][138][139] have led to its use as an effective replacement for 

SiO2 as a gate material in microelectronics. As a consequence of the expanding application 
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potential of oxynitrides [140] [49] [141] [142] [143], significant experimental and 

theoretical efforts have been devoted to establishing its electronic, structural, 

thermodynamic, elastic, and optical properties[144][145][146][147][148][149][150] 

[151][152][153][154], both in crystalline and amorphous form as a thin film material 

[155][156][157][158][159][160].  

 Kroll et al. [147] published a theoretical investigation of the relative stability of 

more than 50 different structure types for Si2N2O, as a function of pressure. From their 

PBE-GGA density functional enthalpy vs. pressure calculations the crystalline phase 

stability of Si2N2O was studied up to 100 GPa. Beginning with the ambient pressure ground 

state orthorhombic structure, the first phase transition is to a tetragonal β-In2S3 type 

structure at 10.3GPa. This is followed by the transformation to a monoclinic α-Al2O3 type 

structure at 56.9 GPa. In a subsequent study Ding et al. [151] reproduced these transitions 

using the same PBE-GGA DFT functional, but found that the PBESol-GGA description 

predicts the orthorhombic phase transforms directly to the α-Al2O3 type phase at 16.4 GPa. 

A careful examination of the sinoite structure reveals that the space between Si2N2 

layers is sufficient to accommodate the replacement of the bridging oxygens with larger 

anionic species. Potential candidates include NH or NCN [161] groups, among which the 

NH group is somewhat more alluring from a structural chemistry standpoint because it is 

isoelectronic with oxygen, and similar in size. The  replacement of oxygen by an immide 

group (NH) was realized experimentally in 1989 by Peters and co-workers [162] who 

synthesized crystalline Si2N2NH via reactions between silicon and ammonia in the 

presence of KNH2 at 600° C and 6 kbar pressure. The x-ray diffraction pattern of Si2N2NH 

revealed that it adopts the same orthorhombic crystalline structure as Si2N2O and LiSi2N3 



  89 

with space group (Cmc21). We note that Schaible et al. [163] had obtained solid Si2N2NH 

from the reaction between cyclic polysilazane,  [(CH3)2SiNH]4, and ammonia at 900 °C,  

but the impetus was to produce an intermediate for the synthesis of α-Si3N4 and the immide 

analog of sinoite was not the target product.  

Based on the well-established properties of silicon oxynitride, the immide analog, 

Si2N2NH, could be viewed as a new compound in the silicon nitride family, with potentially 

novel optical, mechanical, and physical properties. Such expectations are also supported 

by the unique properties of the closely related C2N2(NH) crystal, which is isotypic and 

isostructural with Si2N2(NH). In recent years, the C2N2(NH) system has drawn 

considerable attention because of its unique wide-band gap insulating character and very 

low mechanical compressibility and has been the subject of extensive experimental and 

theoretical studies [164][165][166][167][168][163][169][170][171]. Following in this 

analogy, Ge2N2(NH) and Se2N2(NH) compounds, which share the same ambient crystalline 

structure with Si2N2(NH), have also been investigated [170][171][172]. However, there 

has been very few theoretical studies on Si2N2(NH) and those that exist are limited to the 

orthorhombic phase [167][170]. 

The apparent dearth of reliable experimental and theoretical information about 

Si2N2NH polymorphs and their properties has motivated us to study the electronic 

structure, phase stability and electronic band structures (gaps) of various Si2N2NH phases 

including orthorhombic-Si2N2NH (Cmc21, No.36, Z = 4), β-In2S3-type-Si2N2NH 

(tetragonal system, I41/amd, No.141, Z = 16) and α-Al2O3-type- Si2N2NH (monoclinic 

system, C2/c, No.15 , Z = 12) in analogy with the Si2N2O corresponding phases.  
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In this paper, we present a density functional theory (DFT) study of the Si2N2O and 

Si2N2(NH) polymorphs with a focus on their structural polymorphism and relative 

stability. The remainder of the paper is organized as follows: We begin with a brief 

outline of the computational procedures, and then compare the crystal structures of 

Si2N2O and the immide analog Si2N2NH. The relative stability of the polymorphs in both 

systems are assessed relative to formation from the stable elemental reference states Si(s), 

O2(G), N2(g) and H2(g). In the subsequent section we elucidate the bonding differences in 

Si2N2O and Si2N2(NH) using a Bader charge analysis and conclude the paper with a brief 

comparison of the electronic band structure of Si2N2O polymorphs and their immide 

counterparts. 

5.2 Computational Details 

Well converged static ground state structures and energies for different Si2N2O and 

Si2N2NH phases are obtained by carrying out first principles density functional theory 

(DFT) [15][4] calculation within Ceperley-Alder (CA) local density approximation (LDA) 

[18] in the static lattice approximation as implemented in VASP package [82][81][85]. 

Ultra-soft projector augmented wave (PAW) pseudo-potentials [84] have been employed 

for LDA calculations. For both Si2N2O and Si2N2NH  LDA calculations, a plane-wave 

basis with kinetic energy cutoff of 500 eV was used. The reciprocal space integrations were 

carried out on a discretized k-grid in the irreducible Brillouin zone using the Monkhorst-

Pack sampling technique [32]. Grids of 2×4×4, 4×4×2 and 2×4×2 k-points were used for 

orthorhombic, tetragonal and monoclinic phases respectively. The k-points density is in the 

range of 0.003 to 0.004 Å per k-point. The energy tolerance in converged self-consistent 
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calculations is 10-8 eV per atom, while residual atomic forces and cell stress were below 

0.001 eV/A and 0.01 kbar, respectively. PAW-PBE pseudopotentials of the “soft” variety 

were used in all of our calculations. Electronic band structure was calculated using the 

meta-GGA LDAMBJ potential [173][94] in order to circumvent the well-known 

shortcomings of the LDA/GGA description.   

 

5.3 Results and Discussion 

5.3.1 Ground State Structures 

The ground state crystal stucture of the Si2N2(NH) immide is compared with that of the 

oxide Si2N2O in Figure 5-1. Both systems crystalize as a tetrahedral framework (TX4, C.N 

=4) within an orthorhombic cell containing 4 formula units (Z=4).  

 

Figure 5-1: Comparison of the orthorhombic (Cmc21) ground state structures of Si2N2O 
and Si2N2(NH). Si, O, N and H atoms are colored gold, red, light blue and pink, 
respectively. 

 
The predicted structural parameters including the primitive unit cell, space group, lattice 

parameters, volume of the unit cell, atomic positions, bond length and bond angles, for the 

fully relaxed Si2N2O and Si2N2(NH) orthorhombic crystals are summarized in Table 5-1 

while key internal parameters such as bond length and bond angles corresponding to the 

structures shown are listed in Table 5-2. Our calculations indicate that substitution of NH 
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for O leads to several small, though significant, structural modifications. For example, the 

a lattice parameter dilates by ~3%, the b and c lattice parameters contract by ~2.5% and 

~1%, respectively, resulting in only a minor volume difference between the two systems.  

 

Table 5-1: Comparison of the structural parameters of ortho-Si2N2O and ortho-
Si2N2(NH). Experimental data: A [73], B[131], C[74]. 

 Orthorhombic Cmc21(36) Z=4 

 Si2N2O Si2N2(NH) 

Lattice parameters 
  

a (Å) 8.836,8.872A,8.866B 9.110, 9.193C 

b (Å) 5.471,5.491A,5.486B 5.334, 5.410C 

c (Å) 4.822,4.850A,4.854B 4.774, 4.820C 

Ω (Å3) 58.28,59.07A,58.93B 58.00 

α (°) 90.0 90.0 

β (°) 90.0 90.0 

γ (°) 90.0 90.0 

Atomic positions 
  

Si (8b) (0.177, 0.150, 0.284) 
  (0.177, 0.151, 0.281)A  

(0.173,0.162,0.320)  

N (8b) (0.220, 0.123, 0.630) 
  (0.212, 0.123, 0.627)A  

(0.207,0.125,0.670) 
 

O/N (4b) (0.000, 0.209, 0.232) 
  (0.000, 0.212, 0.230)A 

(0.000,0.270,0.253) 
 

H (4b)  
 

(0.000, 0.412, 0.104) 

 

The corresponding theoretical densities are thus very similar 2.85 and 2.82 g/cm3 for the 

oxide and the immide, respectively. Our calculated density of Si2N2O is in excellent 

agreement with the  experimental value (2.82 g/cm3) [74]. The atomic positions are similar 
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in both Si2N2O and Si2N2(NH) orthorhombic crystals structures which suggests that the 

immide unit, (NH), plays a completely analogous role to the oxygen anion in Si2N2O. 

Overall, our calculated structural parameters are in excellent agreement with available 

crystallographic data. All of our calculations are carried out in the static lattice 

approximation, and the slight ~0.6-0.9% underestimate in the calculated lattice parameters 

in both systems is a systematic and inherent artifact that is typically resolved when 

thermodynamic corrections (e.g., thermal expansion) are incorporated in the theoretical 

treatment. It is interesting to note that DFT studies on these systems [74], [166], adopting 

the generalized gradient approximation (GGA) lead to an overestimation of lattice 

parameters compared to those observed. Inclusion of thermal effects in the calculations 

would even further increase the discrepancy of the GGA calculations with experiment. 

 

 

As shown in Table 5-2, the substitution of oxygen by the immide group leads to more 

notable differences in the internal bonding of Si2N2(NH) when compared to Si2N2O.  

Perhaps most significant is the reduction in the inter-tetrahedral Si-X-Si angle from ~152o 

in Si2N2O to ~ 135o in the immide counterpart. At the same time the Si-X bond lengths 

Table 5-2: Comparison the bond length and interatomic angles of Ortho-
Si2N2O and Ortho-Si2N2(NH) with the experimental values A [73], B [74] 
Parameter  Si2N2O Si2N2(NH) 

<Si-N> (Å) 
<Si-O/N)> (Å)  

1.715,1.720A,1.72B 
1.611,1.623A,1.62B 

1.720, 1.73B 
1.711, 1.720B 

<N-H> (Å) --- 1.037 

<Si-N-Si>* (°)      120, 120A 120 

<N-Si-N>* (°) 109, 109A 108 

<Si-O/N-Si>*  152.1,150A,148B 134.5, 136B 
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systematically increase in the immide compared to the oxide system. All of these trends in 

experimental data appear to be faithfully reproduced by our DFT calculations. 

We next compare the structures of the tetragonal β-In2S3 type polymorphs which are 

described by the I41/amd space group, with 16 formula units per unit cell as shown in 

Figure 5-2.    

 

The corresponding structure data is shown in Table 5-3 which shows that in this case the 

immide substitution for oxygen leads to a ~ 2% increase in volume, which is concomitant 

with the dilation of all lattice parameters. 

 

 

 

Figure 5-2: Comparison of the tetragonal (I41amd) structures of 
Si2N2(NH) and Si2N2O. Si, O, N and H atoms are colored gold, 
red, light blue and pink, respectively. 
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Table 5-3: Comparison of the structural parameters for tetragonal Si2N2O 
and Si2N2(NH). 
 Tetragonal I41/amd (141) Z=16 

   Si2N2O Si2N2(NH) 

Lattice parameters      

a (Å)  5.419 5.519 

b (Å)  5.419 5.519 

c (Å)  23.041 23.530 

Ω (Å3)  42.28 44.80 

α (°)  90.00 90.00 

β (°)  90.00 90.00 

γ (°)  90.00 90.00 

Atomic positions  
  

Si (8d) (0.000, 0.000, 0.500) (0.000, 0.000, 0.500) 

Si (8e) (0.000, 0.250, 0.706) (0.000, 0.250, 0.707) 

Si (16h) (0.000, 0.001,0.832) (0.000, 0.006,0.832) 

N(16h) (0.000,0.513, 0.751) (0.000,0.512, 0.750) 

N (16h) (0.000, 0.013, 0.913) (0.000, 0.014, 0.913) 

O/N (16h) (0.000, 0.034, 0.577) (0.000, 0.038, 0.576) 

H(16h)  (0.000, 0.884, 0.599) 

 

The tetragonal polymorph is derived from a spinel-like structure in which, however, 

a third of the tetrahedral sites are left as ordered vacancies [74], with silicon atoms having 

a mixture of tetrahedral and octahedral coordination. From this defect-spinel motif we 

derived a starting structure for the immide analog by placing hydrogen atoms on (16h) 

symmetry sites next to the corresponding N-substituted (16h) oxygens sites adjacent to the 

vacancies (see figure). As can be seen from an inspection of the atomic positions in Table 

5-3, this choice leads to very little perturbation in the internal structure upon substitution 
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of NH for O. Of course, this is not a unique construction and in future work we will explore 

alternative models based on spinel-like modifications which may exhibit stabilities 

additional stability associated with configurational entropy. 

The third polymorph considered in the present study was derived from the corundum (α-

Al2O3) structure by Kroll et al [147]. Here, unlike the tetragonal case above, all cations in 

the corundum structure are octahedrally coordinated in a Z=12 unit cell. Kroll and co-

workers screened a range of anionic configurations and found that in the lowest energy all 

nitrogen atoms occupy 8f symmetry sites, while oxygen atoms occupy both 8f and 4e 

symmetry sites. Accordingly, in the immide analog, we placed hydrogen atoms in the 

vicinity (~ 1 A away) of the corresponding oxygen sites and then replace those oxygens by 

nitrogen atoms. The resulting ground state structures are shown in Figure 5-3. 

 

We find that in the immide analog the mixture of corner, edge and face sharing SiOxNy 

octahedra are less regular when the NH groups replace oxygen. Upon structural  

Figure 5-3: Comparison of the monoclinic (C2/c) structures of 
Si2N2(NH) and Si2N2O. Si, O, N and H atoms are colored 
gold, red, light blue and pink, respectively. 
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optimization the face-shared octahedra containing NH groups become distorted into what 

may be described as pseudo-five-coordinate units, via displacement parallel to the unique 

b-axis in this system. This leads to a significant increase in the b- and c-axes of Si2N2(NH) 

relative to Si2N2O and a concomitant increase in volume of 23 %. The structural data is 

summarized in Table 5-4 which shows that the monoclinic tilt is approximately the same 

in the oxide and the immide analog, but that the b and c lattice parameters are dilated while 

the a lattice parameter remains relatively unchanged. 

Table 5-4: Comparison of the structural parameters for mono-Si2N2O and 
mono-Si2N2(NH). 
 Monoclinic C2/c (15) Z=12 
   Si2N2O Si2N2(NH) 

Lattice parameters      

a (Å)  8.070 8.004 

b (Å)  4.619 5.289 

c (Å)  12.637 13.701 

Ω (Å3)  39.25 48.33 

α (°)  90.00 90.00 

β (°)  90.12 90.56 

γ (°)  90.00 90.00 

Atomic positions  
  

Si (8f) (0.499, 0.497, 0.853) (0.501, 0.335, 0.356) 
Si (8f) (0.178, 0.491, 0.814) (0.178, 0.223, 0.304) 
Si (8f) (0.178, 0.494,0.520) (0.150, 0.345, 0.057) 
N (8f) (0.149,0.144, 0.752) (0.354, 0.411, 0.249) 
N (8f) (0.320, 0.340, -0.083) (0.341, 0.193, 0.071) 
N (8f) (0.338,0.292, 0.585) (0.340, 0.143, 0.395) 

O/N (8f) (0.007, 0.340, -0.082) (0.019, 0.148, 0.410) 
 O/N (4e) (0.000, 0.331, 0.250) (0.000, 0.361, 0.250) 

H(8f)  (0.096, 0.141, 0.472) 
H(8f)  (0.000, 0.552, 0.250) 
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The corresponding (y,z) atomic positions of almost all cations and anions, with the 

exception of anions on the (4e), are significantly altered. This is in stark contrast to the 

close correspondence of the atomic positions of the oxide/immide in their corresponding 

orthorhombic (Cmc21) and tetrahedral (I41/amd) structures. In the following section we 

present a preliminary account of the energetic ordering of the polymorphs described above. 

5.3.2 Static Phase Stability 

The formation energy of all Si2N2O or Si2N2NH phases were calculated as a “static 

lattice” energy difference relative to constituent elements in their most stable form. 

Molecules (H2, N2 and O2) were individually placed off-center in a slightly 

(orthorhombically) distorted supercell with edge lengths 9.9, 10.0 and 10.1Å to break the 

symmetry in the periodic setting. The solid silicon reference state was taken to be the 

diamond phase. In the case of the periodic solids a full optimization of all internal atomic 

positions, volume and cell shape was carried out to obtain the static lattice ground state 

structures. For the molecular systems, the computational cell was frozen and only the 

internal atomic positions were optimized to yield their equilibrium (static) structures. The 

results for the reference states, including the pertinent spin-configurations for molecules, 

are shown in Table 5-5 which shows that our LDA-based DFT approach provides a very 

good account of experimental bond lengths. 
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Table 5-5: Static ground state properties of stable molecular and 
solid-state reference states used to calculate formation energies. 
Experimental values are from Ref[174]. 

System d (Å) a(Å) EXPA      E(eV) 

H2 (1g) 0.765 -- 0.74 -6.7035 
N2 (1g) 1.107 -- 1.10 -17.3187 

O2 (3g) 1.221 -- 1.21 -10.5557 

Si(𝐹𝑑3𝑚) -- 5.389 5.431 -5.9767 
 

For the solid silicon crystalline system (diamond phase, 𝐹𝑑3𝑚) the static lattice parameter 

is underestimated by ~0.8%, but as discussed earlier this discrepancy is typically reduced 

for LDA-based calculations when thermal corrections are included. 

Table 5-6 provides a concise summary of the calculated energies of Si2N2O or 

Si2N2NH polymorphs. These are dependent on the pseudopotentials employed (here soft 

PAW potentials supplied with VASP based on the Ceperley-Alder LDA exchange and 

correlation functional [49]), and the absolute electronic energies are relative to neutral spin-

compensated atoms treated using the same pseudopotential. 

 

 
 

 

 

 

 

 

Table 5-6: Static ground state energies of the polymorphs of Si2N2O or 
Si2N2NH. The values with subscript A are LDA values from Ref[147]. 

Structure Phase E0 (eV)  ∆E0 (eV) 

     
Orthorhombic -44.764 0.00  

Si2N2O Tetrahedral -44.170 0.59 (0.54)A 
 

Monoclinic -43.418 1.35 (1.23)A 
 

    
Orthorhombic -49.310 0.00 

Si2N2(NH) Tetrahedral -48.545 0.77 

  Monoclinic -47.904 1.41 
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Energy differences relative to the lowest energy orthorhombic polymorph are listed in the 

last column, where it can be seen that Si2N2O or Si2N2NH exhibit almost identical 

quantitative trends. For LDA, our results for the relative energies are in excellent agreement 

with previous studies [147]. An estimate of the formation enthalpy can be obtained using 

the static lattice results for the title compounds and reference elemental forms listed in 

Table 5-5. Subtracting the stoichiometric sum of the latter from the former for the 

orthorhombic Cmc21 polymorphs yields -10.214 eV for Si2N2O and -8.027 eV for 

Si2N2NH. For the sinoite this equates to -986 kJ/mol, in reasonable agreement with the 

experimental value -948 kJ/mol [174]. For the immide analog, the value -8.027 eV 

translates to -775 kJ/mol, which is comparable in magnitude to the enthalpy of formation 

of α-SiO2.  Phonon-based finite-temperature corrections will be considered in future studies 

in order to assess the thermodynamic stability of these systems. 

5.3.3 Bader Charge Analysis 

We also briefly studied the bonding mechanism and charge transfer in Si2N2O and 

Si2N2NH compounds using a Bader charge analysis [175]. Here the atoms in a 

molecule/solid are ensconced with Bader volumes defined by so-called “zero flux” surfaces 

corresponding to density minima along their surface normal direction. Here we focus on 

obtaining quantitative estimates of the “ionic character” by computing the charge 

transferred within the Bader spheres relative to neutral atoms. 
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The main results are summarized in Table 5-7 which lists the total charge remaining and 

the charged transferred at each site (the latter sum to the formal valence charges 4e, 5e, 6e 

and 1e on Si, N, O and H, respectively). 

 

Table 5-7: Charge transfer among atoms in orthorhombic Si2N2O and 
Si2N2(NH) based on Bader analysis. N and N* refer to (8b) and (4b) 
symmetry sites (ON substitution is on the 4b sites) 

Structure Element Total charge Charge transfer 

Ortho- Si2N2O 

          Si 
N  
O 

         0.96 
7.24 
7.60 

            3.04 
-2.24 
-1.60  

Ortho- Si2N2(NH) 

Si 
N 

  N* 
          H 

1.01 
7.24 
6.99 
0.52 

2.99 
-2.24 
-1.99 
0.48  

 

 

The analysis reveals that the charge transfer from Si to N* in Si2N2NH (-1.99 e) is 24% 

higher than the corresponding Si charge transfer to O (-1.60 e) in the Si2N2O structure. 

However, the net charge on the “NH” unit is -1.51 e (e.g., -1.99 to N* and +0.48 to H) in 

Si2N2NH compared with -1.60 e on O in Si2N2O. This indicates that the Si-N* bond in 

Si2N2NH exhibits slightly less ionic character than the Si-O bond in Si2N2O. In contrast, 

the Si charge transfer to the formal bridging N atoms (e.g., the nitrogen atoms occupying 

8f sites) is virtually identical in both Si2N2O and Si2N2NH.Overall the Bader analysis 

confirms that both compounds can be characterized as being comprised of a mixture of 

covalent and ionic character. 
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5.3.4 Electronic Band Structure 

One of the main driving forces in materials discovery is ability to improve mechanical, 

electronic or optical properties by via compositional tuning of a parent system.  In the 

present context this is achieved by the complete replacement of oxygen atoms by NH 

groups in Si2N2O. We note that intermediate compositions Si2N2O1-x(NH)x are also 

possible these are left for future work. Besides the structural and bonding changes 

associated with the immide replacement discussed earlier, the effect on the electronic band 

structure is also of significant interest. Because of the well-known underestimation of band 

gaps obtained using the local density approximation for exchange and correlation we here 

adopt the use of the recently developed meta-GGA MBJ method to obtain a quantitative 

description of electronic structure. This approach uses a post-SCF exchange-correlation 

potential and account of kinetic energy density to systematically improve the prediction of 

band gaps.  The resulting accuracy of LDAMBJ in describing the electronic band gap is 

comparable to that of hybrid functionals, while at the same time being much less 

computationally demanding. The reciprocal space paths connecting high symmetry 

irreducible k-point points in the irreducible in the Brillouin zone were mapped using the 

XCrySDen software package [64][65]. 

The band structure obtained using this approach is shown Figure 5-4 for the orthorhombic, 

monoclinic and tetragonal phases of Si2N2O and Si2N2NH. In the case of the lowest energy 

orthorhombic polymorph of Si2N2O our results are in excellent agreement with experiment 

and with previous theoretical studies [141][153][154][167][170][176][177][178]. 
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Figure 5-4: Comparison of the meta-GGA electronic band structure of the 
orthorhombic, tetragonal and monoclinic polymorphs of Si2N2O and 
Si2N2NH. The red arrows indicate the lowest energy band-gaps. 
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For the lowest energy orthorhombic polymorphs of Si2N2O and Si2N2NH a summary of 

the available data in comparison with our calculated values provided in Table 5-8. 

 

Table 5-8: Summary of DFT and experimental band gaps for orthorhombic 
Si2N2O and Si2N2NH. Present results are in bold font. Cited work: 
ARef[176], BRef[154], CRef[153], DRef[141], ERef[177], FRef[178], 
GRef[170], HRef[167].  

Si2N2O  Si2N2(NH) 

Eg (eV)  5.65 
5.2- 5.6 

4.86 
7.73 
5.2 

5.08 
5.97 

present 
EXPA 
GGAB 

GGA+UC 
LDAD 
LDAE 

OLCAOF 

 5.75 
5.22 
5.01  

present 
GGAG 
GGAH 

EV (eV)  8.53 
 

 7.45 
 

 

Both Si2N2O and Si2N2NH are predicted to be insulators in the orthorhombic 

structure. For the Si2N2O system we find a direct gap of 5.65 eV, in excellent agreement 

with experimentally determined values in the range 5.2-5.6 eV[63]. We note that our MBJ 

result also represents an improvement over the prediction of the GGA+U estimate from 

Ref [29].  For the immide analog, the present MBJ treatment yields a direct band gap of 

5.75 eV, only a a few percent larger than in Si2N2O. The valence band widths ΔEV of the 

oxide and immide are also compared, and here we find 8.53 eV for Si2N2O and a reduction 

to 7.45 eV in Si2N2NH. We note that post-SCF meta-GGA potential based methods have 

tendency to underestimate band widths, so that observed values could be expected to be 

slightly larger.   

  The band structure of the tetragonal and monoclinic polymorphs of Si2N2O and 

Si2N2NH are shown in the middle and lower panels in Figure 5-4, respectively. Because of 
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the much lower structure symmetries of these systems, and the large number of atoms per 

unit cell, the number of distinct bands is correspondingly larger. Here we truncate the 

display of the bottom of the valence band manifolds in order to highlight the gap regions. 

Nevertheless, in monoclinic polymorphs we find ΔEV of 10.1 and 9.0 eV for Si2N2O and 

Si2N2NH, respectively.  In contrast to the orthorhombic and monoclinic cases, however, 

for the tetragonal polymorphs we find a reversal in the band widths trends where ΔEV is 

predicted to increase from 9.0 in the oxide to 10.2 eV in immide.  

 As to the character and magnitude of the band gaps in the tetragonal and 

monoclinic phases we find that in both cases the band gap becomes indirect in Si2N2O, 

and tends to increase in magnitude relative to the orthorhombic case (5.65 eV, direct), 

from 5.72 eV (XΓ) in the tetragonal phase to 6.06 eV (YΓ) in the monoclinic phase. 

We note that in the latter case the transition is nearly direct.  The corresponding band 

structure plots for the Si2N2NH are shown in the right panels, and reveal some additional 

complexity.  Most notably a number of nearly degenerate bands appear to decouple from 

bottom of the conduction band. However, a close examination reveals that this does not 

lead to a pseudo gap as these bands exhibit significant dispersion and overlap 

energetically with the denser manifold of conduction bands at higher energies. This 

behavior seems to be endemic to both the tetragonal and monoclinic Si2N2NH systems, 

but to a lesser degree in the tetragonal case. The most significant different between the 

oxide and immide band gap trends is that while they gaps increase in the Si2N2O systems 

with symmetry (orthotetramono) they trend is initially reversed in the immide where 

the gap is direct at 3.91 eV in the tetragonal phase, but then exhibits an increase to 4.18 

eV (Γ D) in the monoclinic phase.  
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5.4 Conclusion 

We have presented a comparative LDA density functional theory study of the 

structural trends, phase stability and electronic properties of Si2N2O and Si2N2NH in three 

polymorphic settings: orthorhombic (Cmc21= 4), tetragonal β-In2S3-type (I41/amd) and 

monoclinic α-Al2O3-type (C2/c). We find that the orthorhombic and tetragonal phases of 

Si2N2O and Si2N2NH have almost identical crystal structures with a slight volume 

expansion associated with the substitution of NH for O. By comparing the crystal binding 

energies of the polymorphs in the static lattice approximation we find that the tetragonal 

and monoclinic phases Si2N2(NH) are ~0.8 and ~1.8 eV above energy of the body centered 

orthorhombic ground state structure, quite similar to their Si2N2O counterparts (~0.6 and 

~1.4 eV, respectively). Bader charge analysis of the orthorhombic phase of Si2N2O and 

Si2N2(NH) reveals the Si charge transfer in two compounds is almost the same. Although 

the Si charge transfer to tetrahedral O/N atoms in both compounds is the same but, with 

find that the net anionic charge is slightly smaller on the “NH” units than on the 

corresponding oxygen sites in the parent Si2N2O compound indicating that the immide 

analog exhibits slightly less ionic character than the oxide.  Electronic structure 

calculations using the MBJ meta-GGA method predict that all polymorphs for both 

compositions are insulators with direct and indirect band gaps ranging from 5.6-6.1 eV in 

Si2N2O and 3.9-5.8 eV in Si2N2NH. The orthorhombic phases of Si2N2O and Si2N2NH are 

predicted to have direct band gaps of 5.65 and 5.75 eV, in excellent agreement with both 

experiment and prior DFT studies. The band structure of the denser oxide/immide 

polymorphs are more complex exhibiting a range of different indirect gap character. Only 
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the tetragonal phase of the Si2N2NH possesses a direct gap with a value of 3.91 eV, which 

may support its classification as a wide band gap nitride-based semiconductor. 

  Future work on these systems will focus on systematic studies of compression 

behavior of the denser polymorphs of Si2N2NH, and an examination of their dynamic 

stabilities and ultimately, their finite-temperature thermodynamic properties. We hope 

that the present study will provide some guidance and impetus for high-pressure 

experiments, particularly since the ground state orthorhombic Si2N2NH material has 

already been synthesized [162].  
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