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Introduction

Solid materials have increasingly entered the manufacturing realm across various fields,
including alternative renewable energies, where they are utilized in photovoltaic systems and
thermoelectric generators. Among these solid materials are compounds known as perovskites,
which follow the general formula (ABX3). Their discovery in the mountains of Russia in 1993
marked a turning point in this field, as these materials are characterized by high stability and
their ability to absorb light and heat, forming stable compounds suitable for various applications.
Examples include CsVO; [1-3], KMgF3;, AgMgF;[4], BaNaCls, SrFeOs, and SrVOs, which help
overcome experimental obstacles such as time, cost, and various other factors. Software like

Wien2K and Density Functional Theory (DFT) have been relied upon for such studies.

The compounds CoAgF; and FeAgF; were selected for their structural, magnetic, and electronic
properties to determine their optimal utility. The study revealed that these compounds possess
magnetic properties and have a simple cubic crystal structure with conductivity. The

memorandum was organized as follows:

The first chapter provides a theoretical overview of studying any crystalline system based on
Density Functional Theory (DFT) [5-10] , Hartree-Fock (HF) approximation, as well as the

GGA and mBJ approximations to solve the Schrodinger equation.

The second chapter applies the concepts discussed in the first chapter using the WIEN2K
program to calculate the structural properties, employing the GGA approximation for compounds
CoAgF; and FeAgFs. This includes parameters such as lattice constant (a), bulk modulus (B),

and a study of their magnetic and electronic behavior.
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CHAPTER 1:
DENSITY FUNCTIONAL THEORY - AN OVERVIEW
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1- The Schrodinger Equation

Within the context of quantum theory, scientist Erwin
Schrodinger proposed a partial differential equation in 1926 that is
now known as the Schrédinger equation [1-3]. By solving this

equation, one can use the wave function—which contains all the

information about the system under study—to explain the immediate
quantum state of a system [1-3]. The following expression can be found in the Schrédinger

equation:
HY (R, %) = EP (R, 7)o (1)

In this equuation, the two vectors R,;and #;are the coordinates of the nucleus (I) and of

the electron (i).

H: Hamiltonian operator related to the sum of the kinetic energy and the potential energy of

the system.
E: eigenvalue Energy of the system.
Y: wave function which depends on the coordinates of electrons and nuclei.

The Hamiltonian system (made up of nuclei and electrons) consists the kinetic energy
of electrons and nuclei, as well as the potential energies (electron-electron, electron-nucleus,

and nucleus-nucleus), the expression for the total Hamiltonian effect of the system is givenas

follows :
H=Te+TN+Vee+Ve—N+VN—N .............................. (11)
2 5
T, =—-; % V? —Electronic kinetic energy (m; the mass of electron i....... (1.1.1)
2 o
T,=—-%; % V2 —>Nuclei kinetic energy (m; the mass of the nucleus I......... (1.1.2)
1
ZIZ]ez . . .
Vnen = Dizg TRI=R)| —The interaction part between the nuclei.................. (1.1.3)
=Ry
2
Veen = 21 |RZI—er| —The nuclei-electrons interaction part.................... (1.1.4)
177
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2
Vece = Xizj |rle_—r]| —The interaction part between the electrons...................... (1.1.5)

|Ra — RBl — The distance between the two nuclei a and B (1.1.6)
|r; — R,| = The distance between the nucleus a and the electroni ............... (1.1.7)
|ri - rj| — The distance between the two electrons i and j..........ccceevveeenneen. (1.1.8)

In practical terms, solving the Schrodinger equation and achieving an exact solution
poses considerable challenges, particularly when dealing with systems comprising numerous
electrons and nuclei in dynamic interaction. Consequently, the necessity arises to employ
simplifications and approximations to obtain an approximate solution that closely resembles
the actual solution. Below are some of the most notable techniques and simplifications used

to tackle this equation:

2- Born-Oppenheimer Approximation

The  Born-Oppenheimer  approximation  [4],
developed in 1927 by physicists Max Born and Robert
Oppenheimer, made it possible to separate the motion of
nuclei from the motion of electrons. Despite its movement,
the nucleus remains very close to its equilibrium forthe

electrons, which are very fast, and thus the kinetic energy

of the nucleus can beneglected with respect to the kinetic
energy of the electrons, kinetic energy and consider the nucleus-nucleus interaction energy as

a constant quantity (V,, = Constant).

According to the Born-Oppenheimer approximation we can rewrite the total wave function of

- 0 . . . -0 -
the system ‘P(R, ,Fi)m the form of a product of an electronic function ¥, (R, ,rl-)and a

. - 0 . :
nuclear function ¥, (R, ), thus, we can separate the motion of nuclei from that of electrons.

Then the wave function is written:

@ (ﬁ,o,ﬁ-) =y (13,0) @, (ﬁ,o,ﬁ-) e (2)
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Despite applying this simplification to the Schrodinger equation, the equation remains
difficult to solve and cannot be solved using current mathematical methods due to the

extremely complicated electron-electron interaction, So we used additional approximations.

3- Hartree and Hartree-Fock Approximations (HF)

To improve and address the drawbacks of the Hartree
approximation, the Hartree-Fock approximation was put out. The
independent particle approximation, which Hartree suggested in

1928[5,6], treats all electrons as identical particles that travel

independently of one another without interacting with other
particles. The interactions that take place between electrons are
Columbian repulsion interactions, with exchange and correlation terms ignored, because
Hartree sees the electrons as charged particles in this approximation and ignores the spin
state. Furthermore, because it disregards the Pauli exclusion principle, the wave function is

not symmetric [2,3].

Although the Hartree approximation does not take in account
the electron spin and the Pauli exclusion principle, it simplifies the
Schrodinger equation from studying a large number of electrons to
studying a single electron, so that the total Hamiltonian H of

electrons is the sum of the Hamiltonians hi of each electron, while

the total wave function of the electronic system represents by
multiplication the individual wave functions of each electron [2,3]. Finally, the total energy
of the electronic system equals the sum of the individual energies of all electrons. Using
Hartree's approximation, the Hamiltonian equation for a single electron can be expressed as

follows:
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In 1930, Fock [7] modified Hartree's model by substituting the wave functions of the
electron with a Slater determinant[8], allowing him to accommodate for the exchange effect
that Hartree neglected. In this way, the interaction between electrons takes into account both
the Coulomb interaction and the exchange effect, and thus the previous functions have been
replaced by anti-symmetric functions, and therefore, Fock introduced the term spin in its
dealing with electronic interactions and replaced the wave function of the electronic system

by a Slater determinant and this determinant is expressed by the formula:

Vi) i) @B - da(v)
g @) @) weG) o (i)
Vup(Py, 1, T3, o, Ty) = ﬁ ‘113(771) ¢3§f’2) ¢3§73) = ¢3(?N) ...... (3.5)

U UnG) UnG) o G

1 . .
Where — denotes a normalization factor.

Nt

4- Density Functional Theory (DFT)

The aim behind Density Functional Theory (DFT) is to rewrite the Hamiltonian of the
electron using electron density rather than wave functions. Researchers like Dirac [9], Slater
[10], Hohenburg, and Kohn [11] have made significant contributions to this theory through
their theoretical work. The (DFT) theory was first discovered in the works of Thomas and
Fermi in 1927[13,4], where they created the main idea in expressing the total energy of an
electronic system as a function of electron density by considering the electronic system as a
homogeneous and regular gas of electrons where the continuous partitioning of the Brillouin
area (without taking into consideration electron correlations) was carried out by the two
scientists Thomas and Fermi in order to achieve regions where the electron density is
constant in each part. The following two formulas it used to describe the density and kinetic

energy of a homogeneous electronic gas:

1 2/2m,\2
P = ﬁEf ( 2 ) ......... (4)
3( h? z s
E.= §<2m > (Br?)spz ... (41)
e

e
7
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The following table provides a comparison between Hartree-Fock method and density

functional theory and the characteristics of each method [2].

Table 1. 1: Comparison between the two methods, Hartree-Fock and the Density Functional

Theory (DFT)[14,15].

HF method

Principle: Solving the Schrodinger Principle: Solving the Schrodinger
equation by considering the wave equation by considering the electron
functions as a variable basic. density as a variable basic.

Based on the theory of the mean field Based on the two Hohenburg — Sham
theory (MFT). theorems and shifting from the
Calculates wave functions and Schrédinger equation to the Kohn-
eigenvalue energy to obtain ground Sham equations to find the solution.
state energy. Use electron density which has
Depend on the large number of physical meaning.

variables, which makes the equation Reduce the number of variables
very complicated and time which makes the equation simpler
consuming. and faster compared to the HF

The wave functions obtained as method.

solutions for the Schrodinger Used to treat the correlation terms.
equation have no physical meaning.

Does not take into account the

correlation terms.
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4-1 Formalism of Density Functional Theory (DFT)

The densityfunctionaltheory (DFT) is based on describing the total energy of a system
with many interacting electrons as a function of the electronic density, rather than its wave

function, where the electronic density is expressed by the formula:

N
p() = ) W (4.2)
i=1

The Density Functional Theory (DFT) is based on two main theorems:

I. The Theorems of Hohenburg and Kohn

The pair of theorems introduced by Hohenburg and Kohn in 1964 are widely regarded as the

foundational pillars of density functional theory.
A-1) First theorem:

The total energy of an electronic system is a functional of the electron density for an
external potential V (r), so it is possible to know all the properties of the

system when determining the electron density[2,16].
E[(F)] =F[(] + f V@A @ddr3 .. ...

Where F [p] is universal functional.

The external potential and the universal functional F [p] are expressed in

the form:

- 7
Voo (F) = — Z 2 e (B)
2 A

Flp]l =Tl[p]l + Ulp] ... ... ....(5.2)

Where Z4 is the charge of the nucleus, rj, is the distance between nucleus A and electron i.

A-2) Second theorem:




15T CHAPTER DENSITY FUNCTIONAL THEORY - AN OVERVIEW

The second theory appears that to obtain the total energy of the ground state of the
electronic system, it is enough to find the corresponding electron density which makes the

density function at its minimum value.

E(po(®) < E[p(®)] e e . (5.3)

p Y ) (5.4)

E(py) = MinE(p) lim
p—N

T4 ) Vee + Vec
i

We can get the corresponding electron density of the ground state, by applying the

variational principle via the differential of total energy in terms of electron density:

dF[p(r)]

2oy TV =0 (59)

Therefore, if the electron density which minimizes the energy function is known, we

can easily determine the wave function and the exact energy of the ground state.

I1. The Kohn - Sham equation

Expressing the kinetic energy and electron-electron interactions analytically in terms of
electron density poses a significant challenge when studying many-electron systems. In 1965,
Kohn and Sham proposed a pioneering concept to address this challenge. They suggested the
notion of substituting the actual electronic system with a hypothetical system where each
electron's behavior is treated as independent and uninfluenced by the actions of other
electrons. It is only affected by the effective potential (Kohn-Sham potential), which involves
both the external potential created by the nuclei's influence and the potential caused by the

remaining particles effect on this electron[2,17,18].

The fictive system proposed by Kohn-Sham is

characterized by:

v" The Kohn-Sham orbits which are space wave m
functions of a single electron are solutions of the
Schrodinger equation in this vacuum space.

v’ The fictive electronic system has the same electronic density as a real system.

10
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v" The kinetic energy of the fictive system is the kinetic energy of the electrons without
the correlation effect and it is positive, while the kinetic energy in the real system
“Tr” is the sum of the kinetic energy of the fictive system “T¢” and an additional term
that expresses the effect of the correlation “T.” on the kinetic energy of the electron

[3] that is:

YNl S RN ()

= (P|TI¥) — (QITs|@) e v e . (6.1)

The V.. interaction between electrons in the real system which is written in the following

relation:
(Voo V) =Uy + Uy + Ug ... ... ... .. (6.2)
where the terms represent:
Up: The electronic Coulomb (Hartree potential)
Ui: The exchange energy between electrons of the same spin.
Uc: The correlation energy between the electrons.

The Kohn-Sham equation for an electronic system is given as a function of the kinetic energy
of the electron: external potential energy, Hartree interaction and exchange-correlation

energy as follows:

v" The Kinetic energy of an electron in a fictitious system:

2 2
h h -
®; _EA oi |= -5 E f(in @ ATy e e e e (6.3)
i

v' The external potential generated by the effect of nuclei (nucleus-electron

Ts[p] =

interaction):

Vgl f z Zo@ e

Li RI -Tr

11
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v The Hartree potential (Coulomb electron-electron interaction)

Ulp] = %fwdrdr’ e eee e (6.5)

[7 = 7]

v The exchange-correlation energy, which is the sum of the correlation and
exchange terms, it does not have an exact mathematical expression, but it is

estimated by approximations

E..lp] = Exlp] + E.[p] ... ... .... (6.6)

And finally, the Kohn-Sham equation is written as follows [19-21]:

Hygspi(@) = [Ts[p] + Vs (7) = 59 () . vov vev . (6.7)
Vies(®) = Vore ) + Vg () + +Vio(®) wov e e e . (6.8)
E[p] = Ts[p]l + Vnglp]l + Uylp] + Exclp] - o v ... (6.9)

B-1) Solution of the Kohn - Sham Equation

Solving the Kohn-Sham equation depends on two basic steps:

* The first step: define all the terms of the effective Kohn-Sham potential, i.e. the exchange-
correlation potential Ey. must be determined because this term has no mathematical formula

but it can be estimated by approximations.

* The second step: find the wave functions (Kohn-Sham orbits), which represent a solutions

for the Kohn-Sham equation given by [2]:
oxs(P) = Z Cij @) v o (6.10)
J

Where ¢;(#) are the basic functions, and Cij are are the development coefficients.

j J

12



15T CHAPTER DENSITY FUNCTIONAL THEORY - AN OVERVIEW

((pkl Z Cl} HK5|<,0] = ((pk| Z CingS |(,0] (612)
J j

Z (<(pk|HKS|(Pj) - SKS((pkl(pj»Cij =0 . eee . (613)
J

It remains to determine the C;; coefficients.

The Kohn-Sham equation is solved according to an iterative cycles illustrated by
figure (1.I), where the process starts using an initial density p;,for the first iteration, this
density is used to solve the Kohn-Sham equation, then, We use a superposition of the atomic
densities and we compute the Kohn-Sham matrix, to solve the equations to obtain the Kohn-
Sham orbitals.
After this step, we calculate the new densityp,,¢, to check the convergence condition
(if the density or energy has changed a lot or not) and we mixed

the two charge densities p,,;and p;,as follow:

PEY = (1= a)ply + plug o oo oo e (6.14)

Thus the iterative procedure can be repeated until the convergence condition is fulfilled.

13
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5-The Different Types of Approximation of the E,.[p]

Due to the absence of an analytical expression for the exchange-correlation potential
between electrons, various approaches have been devised to approximate its values. The
accuracy of the obtained results largely hinges on the mathematical formulation of this

potential[2].

5-1 Local density approximation (LSDA)

the local density approximation model was first proposed by Kohn and Sham in 1964
[22]where the inhomogeneous electronic system is approximated by a local homogeneous
electronic system after dividing the Brillouin region into small regions, and the expression

energy exchange - correlation is given by the relation :
EfPA = ]p(F) Exclo@]d? ..o e (7)

dERA[p] , dexe”
= E5xc Pl oiba oy d)j; v vee e e (7.1)

For each spin up or down magnetic order, the total electron density becomes the sum of

the two electron densities

p(P) =pr(P) + p(F) e . . (7.2)

The Kohn-Sham equation for the two spins in the form [2]:

—h2
<% 72+ ngf(?)> @;(F) = SIT(S(pi(F)

e v (7.3)
—h ol > Lo
<m‘7 + Veff(r)> @i(7) = exsi(T)

5-2 The Generalized Gradient Approximation GGA

The Generalized Gradient Approximation GGA is a new approximation was

developed, in which the localized electron density was considered to be non-homogeneous

15
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and varied from place to place. so, the total energy of the electron system is proportional to

both the electron density p (¥)and and its gradient Vp (T), as shown by the equation[23]:
ESSAp(®)] = fd3f‘p(?“)£xc [p (D), Vp ()] ... cco e ee.. (8)

6- Full-Potential Linearized Augmented Plane-wave Method FP-LAPW

Full-Potential Linearized Augmented Plane-wave Method (FP-LAPW) method aimed to look
for the wave functions as solutions to the Cohn-Sham equation became necessary. After
extensive research, certain approaches emerged, including the OPW method presented by
Herring theory in 1940 [24], the LMTO method [25], and the (FP-LAPW) method, where

these methods are dependent on the quality of the effective potential utilized.

6-1 The Plane Wave method (APW)

The plane wave method, pioneered by scientist Slater [8], involved dividing the
crystal space into distinct regions utilizing the Muffin-Tin approximation [26], as depicted in
Figure 1.2. This approximation represents atoms as non-overlapping spheres with a radius
denoted as RO, within which the core electrons reside. Between these atomic spheres lies an

interstitial region hosting free electrons, which are spatially distant from the atomic nuclei.

The MT Spheres '/O Q ‘

(L

Q Q Q@ interstitial region

Figure I. 2: Diagram of the distribution of the elementary cell in atomic spheres and in

interstitial region.
According to this approximation, the core electrons located inside the sphere are subjected to
the spherical potential, on the other hand, in the interstitial region the potential is constant[2].

So, the potential in the two regions is given in the form:

e
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V(@) = {X(r) rri 152 o (9)

The waves that describe the behavior of electrons inside MT spheres differ from those in the
interstitial region, they are described by plane waves in the interstitial region, while inside
spheres by functions radials multiplied by spherical harmonics[2]. The two different wave

functions are given by the following expression:

(_)) {Zf.io Zr—nmAlmUl(r)Ylm(r) r= RO (9 1)
r) =141 (R py eeeeeeeneeens .
@ \/_526 Ce el(K+G)F r > R,
Where , Q: The cell volume
Yim: Spherical harmonics
A Development coefficients
U;: The regular solution of the Schrodinger equation given by[27]:
> 1(l+1
<— dr2 + 2 V(T)) I‘Ul = ElUl ver v e e (92)

Where E;: An energy parameter.

6-2 The Linearized Augmented Plane Wave Method (FP-LAPW)

The darkpoint of using the APW method is its slow process in calculations due to the
common radial function Uy; additionally, it is difficult to define the radial function for each
value of energy E;. so that, Anderson [28]made improvements to the APW method [29]by
using the Taylor expansion to write the radial functions U; (r) in the following form:

dUl(T', E)

Ul(r, E) = Ul(T,El) + (El - E) dE + O(El - E)z (10)

E=E;

Where the term O (E — E;) %represents the quadratic error.

After several simplifications, he has got the expression of potential inside and outside of

Muffin-Tin balls as follows:
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> Vi (Wi r< R,
Vi) =<4 m o (10.1)
Z Vi (r)e®r r > R,
Im

As well as the wave functions inside the spheres in terms of radial functions and their

derivatives. Where the wave functions are written as follows [30,31]:

> (Amli@) + Bonlh()) Yin () 7= Ry

Pp @ =14 " e N ¢ 1)
\/EZG: ¢ 0
Where :

—

K: represents the wave vector.

G : is the vector of the reciprocal lattice.

Ay are coefficients corresponding to the function Uj.

By are coefficients corresponding to the function U,.

We can determine the coefficients 4;,,, and By,,, for each wave vector, and for each atom by
applying the conditions of continuity of the basic functions in the vicinity of the limit of the
spheres. After some simplifications we find the coefficient formula A, and B}, in the

following forms:

4‘7TT02iL "
4‘7TT02iL "

7- WIEN2K SOFTWARE

The wien2k program is composed of numerous subprograms coded in the Fortran
language. These subprograms serve as algorithms tasked with translating the equations
governing the behavior of crystalline systems, particularly those processed using density

functional theory (DFT). Within this framework, the program adopts the full potential
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linearized augmented plane wave (FP-LAPW) method as its computational approach. This
method serves as a sophisticated tool for calculating various properties of compounds under

study, offering insights into their structural, electronic, and energetic characteristics. [2].

The most important subprograms and their roles in the Wien2k program [32] are

indicated in the diagram presented in Figure 1.3 and are organized as follows: [2]:

¢ NN: This subprogram calculates distances between nearest neighbors up to a
specified limit, thus helping to determine the value of the atomic sphere
radius.

¢ SGROUP: Determines the space group of the compound.

< SYMMETRY: A program that determines the symmetry number and
symmetry operations of the space group of our structure.

¢ LSTART: Computes electron densities of free atoms and determines how
different orbitals will be treated in band structure calculations.

¢ KGEN: Generates a mesh of K points in the irreducible part of the first
Brillouin zone (1st BZ). The number of K points in the entire 1st BZ is
specified.

% DSTART: Produces an initial density for the self-consistent field (SCF) cycle

by superimposing atomic densities produced in the LSTART subprogram.

After the last subprogram, we enter into a loop of SCF calculations and consequently

proceed to the following five steps:

v' LAPWO (POTENTIAL): Uses the total electron density to calculate the
Coulomb and exchange potentials (Hartree-Fock potential). Additionally, it
divides space into a muffin-tin (MT) sphere and an interstitial region.

v' LAPWI1 (BANDS): Calculates eigenvalues and wave functions for valence
electrons from the solution of equation (III.1).

v LAPW2 (RHO): Calculates valence electron densities obtained in the LAPWO
step.

v" LCORE: Computes eigenvalues and wave functions to obtain core electron
densities.

v" MIXER: Computes the new density through mixing.
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SUBPROGRAMS

O el Gl N,
A - NN

. & SGROUP

~e——

Figure I. 3: Subprograms integrated in the wien2k code [2].
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1- Introduction

In this chapter, our focus delves into scrutinizing the structural properties of CoAgF3 and
FeAgF; compounds by employing the theoretical frameworks elucidated earlier. Initially, we
embark on calculating pivotal parameters such as the bulk modulus, lattice constant, energy, and
unit cell volume at their ground states. This meticulous analysis lays the groundwork for

comprehending the fundamental structural dynamics of these materials.

Subsequently, our investigation extends to exploring the electronic behavior inherent in both
compounds. We meticulously compute the band structure alongside the total and partial density
of states. This in-depth examination offers valuable insights into the intricate electronic

characteristics exhibited by CoAgF; and FeAgFs.

Furthermore, by deciphering the distinctive attributes of these substances, we aim to discern their
optimal industrial applications. Identifying the most suitable sectors for their utilization and
discerning the ideal operational conditions can significantly enhance productivity and foster
favorable outcomes. Through this comprehensive study, we endeavor to provide guidance for
leveraging the unique properties of CoAgF; and FeAgF; in diverse industrial settings, thereby

maximizing their potential and ensuring beneficial outcomes.
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2- Computational details

The structural, electronic and magnetic findings obtained in this work were calculated using the

method of linearly increasing waves and full potentials [1-6] FP-LAPW integrated into the

WIENZ2k simulation program [7] based mainly on density theory, where we used the generalized

gradient approximation to treat the exchange-correlation potential. (GGA-PBEsol) [9] in

estimating the structural and magnetic properties, while we used the modified Becke Johnsson

approximation (mBJ) [10] to predict the electronic properties of both compounds.

During the phases of the completed work, we applied the Muffin-Tin approximation [11] and

divided the space into two regions:

The first area: We considered atoms as spheres with radii Rmt, where the wave function
inside them is described by spherical harmonic functions with a maximum angular
moment Imax. For the two compounds that we studied, we took the values of 2.3 a.u. for
the Ag atom, 2.1 a.u. for the Co and Fe atoms, and 1.6 a.u. for the oxygen atom F as the
radii of the constituent atoms, with the necessity of the presence of the internal electrons
“the core electrons” inside these balls in a way that does not cause interference between
these balls.

The second region: It is the interstitial region that represents the remaining space of the
first region, i.e. the interstitial spaces, and the wave function is in it as plane waves with a
cutoff coefficient Kmax x RMT, where RMT is the average radius of the Muffin-Tin
balls and Kmax is the maximum value of the wave vector coefficient for the quasi-
inverse, where it was chosen. The optimal value of the cutting factor Kmax RMT = 8

and Kpoint equals 1000. We point out that the criterion and condition of convergence for
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the total energy in all calculations performed for both compounds and using both
approximations is equal to 10* Ry. The electronic distribution of the atoms forming the
two compounds was as follows:

Fe — [Ar] 4S°3d°

F — [He] 187282 2p°

Co — [Ar] 4S° 3d’

Ag — [Kr] 4d'°5S!

3- Results and discussion
3.1- Structural properties:

We studied both the compounds CoAgks and FeAgl;, which belong to the peroviskite
family. the two compounds CoAgF; and FeAgF; crystallize in the cubic structure as shown in
Figure (I1.2), which was drawn using the VESTA program [12—15]. According to the image, the
crystal cell consists of five atoms occupying Wyckoff positions. next :

Ag:(0.50.50.5)
Fe or Co: (00 0)
F:(0.5 0 0)(0 0 0.5)(0 0.5 0)
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Figure (I1.1): Crystal structure of CoAgF3 and FeAgF; (made using VESTA program).

When calculating the structural properties of the compounds CoAgF; and FeAgks, we
calculated the total energy changes of the primary cell at different sizes, using GGA
approximations in the case ferrmagnetic (FM).
the volume- energy curves for both compounds are plotted based on Murnaghan equation [16]

expressed by the following relationship:

B Vo\B' B

So that it represents transactions

Vy: cell volume at equilibrium.

Ey: The total energy of the primary cell in equilibrium.

B: Coefficient of compressibility

B': The first derivative of the bulk modulus

in figures II.2 and I1.3, we plotted the two curves of the total energy changes of the crystal cell as
a function of volume for the ferromagnetic states (FM) in order to determine the equilibrium
state for the compounds CoAgF; and FeAgFs.

After determining the most stable state for both compounds CoAgF; and FeAgF;, we calculated
some structural properties such as cell constant, bulk modulus and its derivative, minimum

energy, and lattice constant parameter, as shown in Tables (II.1) and (IL.2). As an analysis of the
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results obtained in the two tables, we note that the compound FeAgF; has a crystal cell constant
a(A) greater than the compound CoAgF; at equilibrium (the most stable state), and it should be
noted that the values we obtained using the GGA approximation for both compounds were very
close to the results obtained. It has been found in other research [17,18].

. Regarding the bulk modulus, knowing its value gives an clear idea about the highest pressure
value that the material can exposed without causing it to deform. Through the results obtained,
we found that the compound FeAgF; has a greater compressive modulus value than the

compound CoAgF3, and therefore it is more resistant to pressure.

-14011,655 T—————————1— . .
1 CoAgF, I 1
-14011,660 .

-14011,665 B

-14011,670 g
-14011,675 g

-14011,680 4 4

ENERGY(Ry)

-14011,685 E
-14011,690 E

-14011,695 - g

T T T T T T T T T T T T
380 400 420 440 460 480 500
VOLUME(a.u)®

Figure (I1.2): Changes in the total energy of the compound CoAgF3 as a function of changes in

the volume of the crystal cell.
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Figure (I1.3): Changes in the total energy of the compound FeAgF; as a function of changes in

the volume of the crystal cell.

Table (IL.01): Values of the structural properties of the compound FeAgF; calculated using the

GGA approximation
Vo (a.u)’ 528.2612
Enmini (Ry) -13770.1703
. 4.196[1]
FeAgF; a(A) 4.2778
B(GPa) 70.9009
B’(GPa) 4.5304
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Table (I1.02): Values of the structural properties of the compound CoAgF; calculated using the

GGA approximation
Vo (a.u)’ 424.9285
Emini (Ry) -14011.693
. 3.983[1]
CoAgF; a(A) 3.9784
3.9552]
B(GPa) 98.6783
B’(GPa) 5.2377

4- Magnetic properties

The magnetic properties exhibited by materials hold significant relevance across
various industrial sectors. Prior to delving into their study, it is imperative to grasp the
underlying origins and mechanisms driving magnetic behavior within solid compounds, as
highlighted by previous research [19-27]. Hence, our exploration will commence with a
comprehensive overview delineating the fundamental sources of magnetic behavior in
materials. This overview will be structured across three distinct levels, facilitating a nuanced

understanding of the intricate processes governing magnetism within solid compounds.

4-1- The first level (electron level):

The electron possesses a magnetic moment stemming from its dual rotational motions,
both around its own axis and around the nucleus within an atom. These rotations engender two
distinct types of magnetic moments. Firstly, there's the spin magnetic moment, which can be

quantified by the following expression:
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. Hp -

Us =—g o S (IL1)

And an orbital magnetic moment g = %B I

* As shown in Figure (I1.02):

Orbital magnetic moment

Spin magnetic moment

revolution

Electron

Figure (I1.04): The spin and orbital magnetic moments of the electron.

4-2- The second level (the level of atoms):
The magnetic state of an atom and the arrangement of its electrons in the outer orbit are

regulated by these magnetic moments. When all electrons are arranged in a paired manner, with
their spins oriented oppositely—one upward and the other downward—the atom exhibits non-
magnetic behavior. This occurs because the sum of the magnetic moments of the electrons
cancels out, resulting in a net magnetic moment of zero. A prime illustration of this can be

observed in the configuration of a zinc atom, as depicted in Figure (II 5-a(

Conversely, when electrons in the outer orbit are positioned individually, the atom adopts a
magnetic character. This is illustrated by the nitrogen atom shown in Figure (Il 5-b). In such
cases, the magnetic moments of the unpaired electrons do not fully cancel each other out,

resulting in a net magnetic moment, thereby rendering the atom magnetic.
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Figure I1.5: The origin of magnetic behavior in magnetic and non-magnetic atoms

4-3- The third level (matter level):

The magnetic state of matter is influenced by a multitude of factors, with the primary

determinants being the intrinsic magnetic properties of the constituent atoms (whether they are

magnetic or non-magnetic), the interatomic distances, and the exchange interactions among

them. Additionally, the influence of temperature and the presence of an external magnetic field

play pivotal roles in shaping the magnetic behavior of matter.
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The magnetic interactions between atoms, crucial in understanding magnetic states, are governed
by exchange interactions. These interactions are intimately tied to the magnetic moments of the
atoms, the spatial separation between them, and the influence of any external magnetic fields
they encounter [20].

Describing these interactions, Heisenberg introduced a Hamiltonian, which provides a
mathematical framework for understanding the interplay of these factors. The Hamiltonian
expression elucidates the intricate relationship between magnetic moments, interatomic
distances, and the impact of external magnetic fields, offering valuable insights into the magnetic

properties of matter.

Hag = Z]ij§i.$ + Zgi,uB RS (IL3)
ij i

—

Wherepp represents the Bohr magne, g; is the magnetic constant, S; spin magnetic moment
beam, h is the external magnetic field, and J;; is a coupling constant for the exchange reaction
which is an integral.
Materials are classified according to their magnetic features into five categories represented in
Figure (I1.6), which are as follows:
a. Diamagnetic materials: They consist of non-magnetic atoms. This is because all the
electrons in the outer orbit of the atoms that make them up are in a two-paired state, and
thus the sum of the electrons’ moments is zero [19-23,28].
b. Paramagnetic materials: They consist of magnetic atoms, each of which contains
unpaired electrons in its outer orbit. Given that the distances between the atoms are large,

no exchange interaction occurs between the magnetic moments of the electrons (atoms),
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and therefore the magnetic moments will move randomly, and the total sum of the
magnetic moments of the atoms will be zero [19 -23,28].

c. Ferromagnetic materials: They consist of magnetic atoms, each of which contains
electrons in its outer orbit. Due to the fact that the distances between the atoms are small,
the coupling coefficient between the magnetic moments of the electrons, J i is negative,
and thus the magnetic moments move in parallel, and the total moment of the compound
is a non-zero sum of the magnetic moments of the atoms [19-23,28].

d. Antiferromagnetic materials: They consist of magnetic atoms, each of which contains
electrons in its outer orbit, and because the distances between the atoms are very small,
the coupling coefficient between the magnetic moments of the electrons J;; is positive,
and therefore the magnetic moments will be directed in opposite directions (one up and
the other down), and because the atoms composing the compound They have magnetic
moments that are equal in value and opposite in direction, so the total sum of the
magnetic moments of the atoms is zero [19-23,28].

e. Ferrimagnetic materials: They are an intermediate state between the antimagnetic state
and the paramagnetic state, as they consist of magnetic atoms. The coupling coefficient
between the magnetic moments of the electrons, J;;, is negative, and thus the magnetic
moments go in opposite directions (one up and the other down), and because the atoms
have opposite magnetic moments in the direction... Their value is equal, so the total sum

of the magnetic moments of the atoms is non-zero [19-23,28].
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Figure (I1.6): Classification of materials according to their magnetic state
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Figure I1.7: Changes in the total and molecular magnetic moments of the compound CoAgF as

a function of changes in the unit cell volume using the GGA approximation.
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Figure I1.8: Changes in the total and molecular magnetic moments of the compound FeAglk';

as a function of changes in the unit cell volume using the GGA approximation.

Figure( I1.7) shows that the compound CoAgF3 has a rather large magnetic moment of 3.2(Mb)
It can also be realized that the atomic magnetic moments of the atoms Ag - F - Co have positive
values, and therefore the magnetic moments of the three atoms are directed to each other in a
parallel manner (in the same direction), and from this the compound has a farromagnetic nature
(FM), which was previously confirmed when studying the structural properties of this
compound. It is also noted that the two atoms, Ag and F, have an almost non-existent magnetic

moment, while the cobalt atom, Co, has the dominant contribution to this total moment.
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As for the effect of the side length of the crystal cell on the magnetic moment of the compound,
we note that no matter how long the side length of the crystal cell increases, the total magnetic

moment remains constant.

Figure (I1.8) shows that the FeAgF3 compound has a greater magnetic moment of 3.5(Up). It can
also be realized that the atomic magnetic moments of the Ag - F - Fe atoms have positive values,
and thus the magnetic moment as the three atoms are oriented towards each other in parallel. (In
the same direction), including that the compound has a ferromagnetic nature (FM), which was
previously confirmed when studying the structural properties of this compound. It is also noted
that the Ag and F atoms have an almost non-existent magnetic moment, while the Fe atom has
the dominant contribution to this total moment.

As for the effect of the side length of the crystal cell on the magnetic moment of the compound,
we notice that the total magnetic moment is slightly affected by the change in volume.

5- Electronic properties:

The investigation of electronic properties is crucial, as it enables us to identify and
select the most suitable electric or electronic fields for utilizing a given material. This goal is
accomplished by thoroughly examining the electronic characteristics of the compound in
question. Consequently, we analyzed the energy ranges of various compounds to ascertain their
electronic behavior, classifying them as insulators, conductors, or semiconductors. Additionally,
we evaluated the density of states to pinpoint the atomic orbitals that significantly impact each

energy range. This understanding helps us comprehend the formation of interatomic bonds

within the material..
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5-1- Band structure

In solid systems with a periodic structure, electrons initially occupy distinct energy levels. The
periodic potential created by the regular arrangement of atoms in a crystal lattice causes the
electrons to interact with each other. As a result of these interactions, the individual energy levels
of isolated atoms hybridize and split into multiple closely spaced levels. This process creates a
continuous range of energy levels, known as an energy band, or energy spectrum. Understanding
the formation of these energy bands is crucial for determining the electronic properties of
materials, which dictates whether a material acts as an insulator, conductor, or semiconductor
[23]. Each energy band differs from others in the region it occupies (the conduction or valence
region), as well as the width of the band, especially the electrons in the atomic orbitals that
contribute to its creation.

The energy bands of both compounds CoAgF; and FeAgkF; were studied in the most stable state
in the first Brillouin region defined in the inverse lattice space at points with high symmetry,
following the path (R-I'-X-M-I"), where the coordinates of these points are given for both

compounds CoAgF; and FeAgFs3. In the following figure (I1.9 ):
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Figure (I1.9): The first Brillouin zone and the highly symmetry points used in calculating the

energy bands for CoAgF; and FeAgF;

5-2- Total (TDOS) and partial (PDOS) density of states

Based on the distribution curves of the energy density of macro and partial states, it is
easy to determine which electrons are responsible for the production of each energy band and to
explain the formation of particular atomic bonds. The number of electronic states that can exist at
a given energy in a crystal system is determined by its density of state (TDOS). In addition to
understanding which atomic orbitals form bonds and what kind of hybridization takes place, state
density can be used as a supplementary tool to explain the creation of specific energy bands.

The density of state is defined for energies confined in a field [, € + d&| So that it represents
g(g)de The number of energy states present in this field per unit volume [23], as the total state

density is the sum of all possible states that have energies confined to the energy field [¢,e+0¢].
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The state density expression is given by its relationship to the band structure according to the

following mathematical formula.

g(e) = Z f(z E — &1 ) ver e e e e (1L 4)

We can rewrite the overall density of state with the equation:

1
g(g) = 5 Z 2 zk:<(pi’k|(pi’k) 0 (S - Si,k) ve e res e (II 5)

Where €2 represents the volume of the solid body and |(pi_k) They are the special cases of
solutions of the Cohen-Sham equation corresponding to the special values &;

We can calculate the partial density n; (£) of states (PDOS) after projecting the total density of
state (TDOS) onto the orbitals to obtain the partial contribution of each atomic orbital as

indicated in reference [40]:

n; () = Z 5 (e — &) |PYI% v vee e (11 6)

5-3- Analysis of the structure curves of the energy bands and the density of total and

paartial density of states of CoAgF3:

According to Figure (II-10), we studied the curve of the energy bands in both spin states of the
compound CoAgF3 as follows:

In both the up and down spin cases, the band structure curves led to an overlap between the
conduction bands and the valence bands, which confirms the metallic behavior of this

compound.
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Figure (I1.10): Structure curve of the energy bands of CoAgF; in both spin states calculated

using the mBJ approximation.
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Figure (I1.11): Distribution of the density of total and partial states of the compound CoAgk’;

calculated using the mBJ approximation in the case of (spin down) and( spin up).
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Figure (I1.11) shows the distribution of both the total and partial state densities of the compound
CoAgkF3 calculated using the mBJ approximation in the case of (spin down) and (spin up),

through which we can record the following observations:
Spin-Up State

We observed a density of states at the Fermi level, indicating that this compound exhibits
conductive behavior in the spin-up state. Additionally, several scattered energy peaks were

noted, allowing us to distinguish three significant regions:

First Region [-7.5 eV, -4 eV]: This region shows a contribution from the d-orbital electrons of

the Co atom and a weak contribution from the p-orbital electrons of the F atom.

Second Region [-4 eV, Fermi Level]: Here, we see contributions from the d-orbital electrons of

both the Ag and Co atoms.
Spin-Down State

In the spin-down state, the compound demonstrates metallic behavior, as evidenced by the
presence of a density of states at the Fermi level. The overall density of states distribution is

spread across four key regions:

First Region [-7.5 eV, -4 eV]: Similar to the spin-up state, this region shows contributions from
the d-orbital electrons of the Co atom and a minor contribution from the p-orbital electrons of

the F atom.

Second Region [-4 eV, -3 eV]: This region features contributions from the d-orbital electrons of

the Ag atom.
Third Region [-1 eV, 2 eV]: Here, we observe contributions from the

d-orbital electrons of the Ag atom.
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3-4 Analysis of the energy bands curves and the total and molecular density of states of the

compound FeAgF3:

According to Figure (II 12), we noticed that the electronic behavior of the compound FeAgF3
does not differ from that of the compound CoAgF3, as it clearly appears that there is an absence

of the energy gap and an overlap between the conduction and valence bands at the Fermi level.
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Figure (I1.12): Structure curve of the energy bands for FeAgF; in both spin states calculated

using the mBJ approximation.
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To provide a better explanation of how these bands are formed, we resort to analyzing the
density distribution curves of the partial and total states of the compound FeAgF3 in both spin

states, as shown in Figure (I1 12).
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Figure (I1.13): Distribution of the total and molecular density of states of FeAgF5 calculated

using the mBJ approximation in the case of (spin down) and (spin up).

Figure (I1.13) shows the distribution of both the total and partial state densities of the compound
FeAgkF; calculated using the mBJ approximation in the case of (spin down) and( spin up) , Based
on our observations, we can summarize the findings as follows:

Spin-Up State

We observed a density of states at the Fermi level, confirming that this compound exhibits
conductive behavior in the spin-up state. Additionally, several scattered energy peaks were
identified, allowing us to distinguish three significant regions:

First Region [-7.5 eV, -4 eV]: Contributions from the
d-orbital electrons of the Ag atom and the
p-orbital electrons of the F atom were noted.

Second Region [-4 eV, Fermi Level]: This region shows contributions from the

—
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d-orbital electrons of the Fe atom and a weaker contribution from the
d-orbital electrons of the Ag atom.

Third Region [2 eV, 3 eV]: Here, we observe contributions from the
s-orbital electrons of the Ag atom.

Spin-Down State

The distribution spectrum of the overall density of states in the spin-down state is divided into
four key regions:

First Region [-7.5 eV, -4 eV]: Contributions from the

d-orbital electrons of both the Ag and Fe atoms, along with contributions from the
p-orbital electrons of the F atom, were observed.

Second Region [-0.5 eV, 3 eV]: A strong contribution from the

d-orbital electrons of the Fe atom was noted.
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Conclusion

Conclusion
The explore of the structural, magnetic, and electronic properties of perovskite
compounds CoAgF; and FeAgF; was conducted using density functional theory (DFT), with

the Generalized Gradient Approximation (GGA) used for structural and magnetic properties
and the modified Becke-Johnson (mBJ) approximation for electronic properties. The Wien2k
program was employed to solve the Schrédinger equation for multiple crystal systems, using

the simplified Kohn-Sham equations. Both compounds were found to have a simple cubic
structure with five atoms, facilitating quick calculations, and CoAgF; was observed to have a
smaller cell volume compared to FeAgFs;. The mechanical analysis showed that both
compounds have a large compressibility coefficient, indicating high resistance to deformation,
with CoAgF; having a higher bulk modulus than FeAgF;. In terms of magnetic properties,
both compounds are magnetically stable and exhibit ferromagnetic properties. CoAgF3's high
magnetic moment is primarily due to Cobalt (Co) atoms and remains stable regardless of cell
size changes, whereas FeAgF3's high magnetic moment is mainly due to Iron (Fe) atoms and
shows slight sensitivity to cell size changes. Additionally, in their most stable states, both
compounds demonstrate vector behavior, confirmed through GGA calculations. The
electronic properties reveal that electrons from Co-d, Ag-d, F-p, and Fe-d orbitals
significantly contribute to the formation of energy bands and atomic bonds. This
comprehensive study highlights the potential applications of CoAgFs; and FeAgF; in fields

requiring materials with high magnetic moments and strong resistance to compression.
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Abstract

In this work, we conducted a theoretical study to calculate the structural, magnetic and
electronic properties of the compounds CoAgF; and FeAgF5 using the linearly increasing
plane wave method.

(FP-LAPW) based on density function theory (DFT), to calculate potential (exchange -
correlation)
We used the generalized gradient approximation (GGA) to study the properties of the two
compounds. In calculating the structural properties, we calculated the lattice constant and
the compressibility coefficient. To understand the electronic behavior of both compounds,
we analyzed the structure of the electronic energy bands and the overall density spectra of
the electronic states (DOS).
and partial (PDOS),

In the end, we calculated the total and partial magnetic moments of the atoms that make
up the two compounds as we did
By studying the effect of pressure on changes in the total magnetic moment of the crystal
cell.
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