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ABSTRACT

The ground state properties of magnesium diboride (MgB;), a binary
compound known since 1950s but very recently discovered as a
superconductor, are investigated in the present study. We use here ab initio
Hartree-Fock Linear Combination of Atomic Orbitals (HF-LCAQ) method.
Hartree-Fock (HF) and density functional theory (DFT) options of the
method have been applied for the study of energy, elastic constants, bulk
modulus, band structure, density of states (DOS) and electric field gradient
(EFG) for MgB; both in equilibrium and under pressure. The zero pressure
bulk modulus, pressure derivative of bulk modulus and their in- and out-of-
plane linear values are calculated and analyzed. The analysis of the
evaluated parameters reveals the diversity in bonding interactions. The
diboride is found to be characterized by moderately sizable anisotropy of
compressibilities, which is smaller than cuprates, but larger than many other
related diborides. The anisotropic compression is expected to induce
different pressure effects on different phonon modes and also to influence

the electronic structure at Fermi energy.

The five different elastic constants of the new superconducting MgB- are
calculated by ab initio method using a DFT Hamiltonian with both
correlation and exchange potentials. The results are compared with those
from a recent FPLMTO calculation. The fully relaxed and isotropic bulk
moduli are also estimated and the implication of their comparison is made,

e.g., MgB; is less anisotropic than one would otherwise suppose on the basis

of its ‘planar’ crystal structure.



Abstract

The electronic band structure and electric field gradient (EFG) for MgB, are
also studied here as a function of pressure. The band structure calculations
are in good agreement with other recent calculations. The superconductivity
in MgB; is related to and dominated by the existence of boron & py,-band
holes at the I'-point, with negligible contribution from the Mg ions. The
character of the ¢ band is unchanged even after application of pressure,
although there is a shift of position and an increase of dispersion. The
calculated density of states decreases with pressure that, in conjunction with
the Bardeen-Cooper-Schrieffer (BCS) theory, agrees with the trend of the
experimental T, versus pressure data. The broad bump in T.(P) data
observed by Tissen et al. near 9 GPa is not indicated in the present band
structure study. The EFG at B site is nearly constant as a function of
pressure and that of Mg changes by ~ 34% over the pressure range
considered. The present result indicates that the B electronic system does
not change much under pressure up to ~38 GPa which confirms one

reported study but disagrees with the other.

v
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CHAPTER 1

GENERAL INTRODUCTION

Magnesium diboride (MgB,) is a binary compound. It is now known as a
material with very simple crystal structure, high T.=40K, large coherence
length (&), high critical current density (J.) and critical fields. The more
current a superconductor can carry at a certain temperature, the greater its
potential for everyday use. Many high temperature superconductors are
complex metal oxides, which behave like ceramic — they are granular and
brittle. It is therefore difficult to send current through these types of wires.
The grain boundaries are weak connections for the electric current and
hinder practical application. With MgB,, the grain boundaries do not form
weak connections. The material (MgB,) gets another problem out of the way
common to many superconductors — it is not that sensitive to an applied
magnetic field. So, it has become a material of high potential for large-scale
applications. The present study was under taken from the early stage when
the material has just been discovered as a superconducting material. Since
magnesium diboride is known since 1950s, but the recent discovery of
superconductivity in January, 2001 at a much higher T.=40K [1,2] in this
non-cuprate intermetallic compound has triggered tremendous research
interest in the structural and electronic properties of the material. A variety
of experimental [3-15] and theoretical [16-35] research has been carried out
till date to understand the structural, elastic and electronic properties and to
determine the underlying mechanism of superconductivity in MgBs. A few

of these works involve both theoretical and experimental studies.



Chapter 1 General Introduction

On 10" January 2001, Akimitsu’s research group reported the
superconductivity of MgB, at a conference entitled ‘Symposium on
Transition Metal Oxides, 2001’ in Sendai, Japan [2]. This latest
achievement of the critical temperature (T.) in MgB, has drawn a
remarkable attention of the international scientific community towards
investigations into it or similar binary compounds for searching more new
properties or thrilling information which will further accelerate the scientists
to open up a new horizon in the sky of superconductivity. As a result, a lot
of theoretical ideas and experimental data are being accumulated very

rapidly.

The condensed matter physics community has actually been surprised with
curiosity and enthusiasm by the sudden announcement of the discovery of
MgB, superconductor (10" January 2001) after 15 years of the discovery of
superconductivity in cuprates. During this long period (15 years) the
scientists of this field tried their best to unfold many non-conventional
features of superconductivity in the cuprates. Unfortunately, so far no
fundamental and generally agreed upon understanding of the mechanism
leading to the superconductivity of cuprates has been achieved. The only
feature, which is generally agreed upon, is that high T. cuprates are not
conventional BCS-electron-phonon driven superconductors [21]. The
discovery of superconductivity in MgB, has given an opportunity to the
scientists to rethink and to make real progress in the understanding of
superconductivity. The material possesses a hexagonal crystal structure.

One thus expects anisotropy in its physical properties.

After the Sendai declaration, enormous research works on MgB, have been

carried out among many research groups of the world to unfold the mystery

o



Chapter 1 General Introduction

of origin of the superconducting mechanism in MgB,. The present [16-20]
and other studies [3-15, 21-35] using various methods are very important
way of forecasting the unrevealed properties or new superconducting
mechanism of this burning materials or similar other compounds. These
researches no doubt did a lot in the field of the superconductivity. We
emphasized on those properties of MgB,, which were totally left out or
lightly touched by aforesaid studies. Thus our present investigations on
MgB; are one of such attempts to fill up these gaps and to keep some

contributions to the progress of the latest development.

The present thesis is organized as the following chapters: The first chapter is
general introductory, stressing the special need to carry out research on
MgB, superconducting material. The second chapter is devoted to a
description of the crystal structure of the superconductor under present
study. The third chapter deals with the basis sets. Chapter four describes the
methods of calculation used to study of MgB,. Chapter five contains the
results of various investigations of the study and a brief discussion of the
research findings. A summary of the present investigation is illustrated in

chapter six.

In appendix-A, a list of acronyms is presented while appendix-B lists the

published research articles in different International Journals from the

present Ph.D. work.
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CHAPTER 2

CRYSTAL STRUCTURE OF MgB,

2.1 Introduction

The crystal structure of MgB, is described in the present chapter. The
structural geometry of the superconducting MgB, crystal is illustrated with
figures in two and three dimensions. The aim of this chapter is to give a
transparent and appropriate understanding of the structure of MgB,
superconductor. The coordination number and the relative positions of the
constituent atoms are also pointed out in the study. A comparison of these
parameters (calculated in the present study) with other available theoretical

and experimental data are given on chapter 5.

2.2 The Crystal Structure

The discovery of superconductivity in magnesium diboride has initiated a
lot of research activities on MgB,. Magnesium diboride is the first binary
compound found to occupy an intermediate place between low- and high-
temperature superconductors [36]. It has a very simple hexagonal closed
packed crystal structure. It is very similar to graphite both
crystallographically and electronically. The boron atoms are arranged in
layers with layers of Mg interleaved between them (Figure 2.2). The
structure of each boron Jayer is the same as that of a graphite structure. Thus
MgB, is composed of two layers of boron and magnesium along the ¢ axis

in the hexagonal structure (Figures 2.3 and 2.4).



Chapter 2 Crystal Structure of MgB;

In the chemical point of view, the electronic charge transfer takes place
between magnesium and boron atoms when they form MgB,; crystal
according to the following rule. Although this point will be discussed later
on there is nearly complete 2e charge transfer from Mg to the boron sub
system: MgB, = Mg"* (B™),. Each boron acquires one electron and hence

acquires the electron configuration of a carbon atom [22],
B'(Zszp )= C(2szsp2)

Thus the B- sheets are electronically like graphite sheets.

The interlayer interaction in this diboride is strong even though the Mg
layers alternate with the B layers in its crystal structure. The boron (B)
atoms lie on the corners of hexagons with three nearest neighbour B atoms
in each plane while the magnesium (Mg) atoms are situated in the centers of
each boron hexagon, but midway between adjacent boron layers (Figures
2.3 and 2.4). In the crystal structure of MgB, the hexagonal Mg layers and
plane graphite like sheets of B are staked in the order ... MgBMgB . ..
[37-41]. It has the structure similar to AlB,. Figure 2.1 shows the two
dimensional crystal structure of MgB, while figures 2.2, 2.3 and 2.4 display
its three dimensional structure. In all of these figures, the large spheres
represent the magnesium and small spheres represent the boron atoms.
According to International Hermann-Mauguin symbolism the space group
of magnesium diboride is P6/mmm. The corresponding sequential number
of the space group is 191. The structural arrangement of MgB, can also be
described as the alternate stacking of planes of boron atoms forming a
honeycomb lattice and planes of magnesium atoms forming a triangular one

[42]. Each Mg atom is at the center of a hexagonal prism made of boron

atoms.
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2.2.1 Lattice Parameter

The crystallographic axes a, b and ¢ of any crystal system drawn from one
of the lattice points determine the size and shape of a unit cell. The angles
o, B and y denote the angles between the vectors b and ¢, ¢ and a, and a and
b, respectively. The lengths a, b and ¢ and angles o, P and y are collectively
known as lattice parameters or lattice constants of the unit cell. In MgB,
the lattice parameter a = b and the angles a=pf=90"and y = 120°. The
experimental values of the lattice parameters of MgB, are, a = 3.086 A and
¢ = 3.524 A [1]. The ratio c/a of the lattice parameter is 1.1419. For other
binary compounds or diborides the values of ¢/a are found to be different to

a significant extent [36].

2.2.2 Coordination Numbers and Polyhedra

The coordination number (C.N.) and the coordination polyhedra serve to
characterize the immediate surroundings of an atom. The coordination
number specifies the number of coordinated atoms; these are the closest
neighbouring atoms [43]. The Mg atoms have twelve nearest neighbours B
atoms at a distance of 2.510 A, six nearest neighbours in plane Mg atoms at
3.089 A. On the other hand, the B atoms have six nearest neighbours Mg
atoms at a distance of 2.510 A and three nearest neighbours in plane B
atoms at 1.783 A. The coordination numbers are shown in figures 2.3 and
2 4 There is one formula unit per primitive cell [44]. The coordination
polyhedron results when the centers of mutually adjacent coordinated atoms
are connected with one another. For every coordination number typical
coordination polyhedra exist. The coordination polyhedra of Mg atoms and

that of B atoms are [MgB;2Mgs] and [BMg¢Bs], respectively (Figure 2.4).
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2.3  Primitive Cel]

A primitive cell is a type of cell or unit cell having minimum volume. There
are many ways of choosing unit or primitive cell for a given crystal system.
The number of atoms per unit cell must be the same for a particular crystal
structure i.e. the number of atoms in a unit cell is independent of the process
by which the unit cell is chosen. By repetition of the unit cell with suitable
symmetry operations the full structure of the crystal can be obtained. Thus
we can define unit cell as the fundamental structural unit or building block
of the crystal. A unit cell is marked in the crystal structure of MgB, in figure
2.4, wherein all the atom positions in the crystal can be generated by
translations of the unit cell integral distances along each of its edges. The
unit cell of MgB, has three atoms — two borons (2B) and one magnesium
(1Mg) atoms. Each unit cell contains a total of 22 electrons. The number of
symmetry operators for MgB, crystal system is 24. The positions of atoms
in the unit cell are: Mg atom is at (0,0,0) and the 2B atoms are at
(1/3,2/3,1/2) and (2/3,1/3,1/2). Each boron atom here is equidistance from
three other boron atoms. The unit cell parameters of MgB, and of some
other isostructural phases MX, (CaGa,, ZrBe,, HfBe,, AgB., AuB,) are
shown in Table 2.1.
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Table 2.1. The unit cell parameters of MgB, and of some other isostructural
phases MX,.

Compound Calc./ Expt. Volume TM-B B-B Reference
(TMBy) a(A) () (A% (A) (A)

MgB, 3.0889 3.5337 29.199 2.510 1.783 Present
3.086 3.524 29.064 2.504 1.781 [1,30]

TiB, 3.070  3.262  26.625 2409  1.773
3.038  3.220  25.737 - -

VB, 2.983  3.047 23481 2297  1.722
2998  3.056 23.787 - -

CrB, 2949  3.045 22933 2284  1.703

2.969 3.066 23.406 - -
MnB, 2924 2950 21843  2.242 1.688

3.009 3.039  23.829 ; ] (44]
FeB, 2931 2921 21.732 2235  1.674

3.045 3.035 24370 - ]
YB, 3314 3.855 36.666 2716 1914

3200 3.835  35.949 ] ]
7B, 3197 3561 31.520 2564  1.846

3170 3.533  30.746 - i
TaB, 3115 3244 27260 2421 1.799
3294 3.886  29.199 - ] |
AgB, 3.000 3.240 20064 2372 1.732 [36]
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Figure 2.1. The crystal lattice structure of MgB, (two
dimensional view). Large spheres indicate magnesium
and small spheres indicate boron atoms.
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Chapter 3 Basis-Sets for MgB;

integrals occurring in the calculation. This speed of evaluation of the
integrals mainly depends on the basis-sets of the atoms. Two types of all
electron basis-sets are included in CRYSTAL9S (a computer programme).
CRYSTAL98 is used to calculate the different properties of molecules and
crystals by solving embedded equations. Gaussian type orbitals are
commonly used in the ab initio calculations because they are well

documented and able to provide quite reasonable optimized geometries with

minimum CPU time.

3.3 Gaussian Functions

The basis function comprises of Slater-type orbitals (STOs) and Gaussian-

type orbitals (GTOs). They are both the product of spherical harmonics
Y, (B, ¢) and a radial function R(r). The basic form of the radial function is
R(r) = r" exp (-ar®), where a. is the exponent. Gaussian type orbitals have
been used in our study. GTOs have some advantages over STOs for which
its applications are frequent rather than the former. A few important

characteristics of GTQOs are as follows:

(a) In molecular applications, GTOs are usually constructed as a linear
combination of Gaussian primitives g; (r), characterized by the same centre,

the same angular numbers but different exponents [46]:
0,()=Sd g ): g)=glatm)=r'1,(0.6)expl-a,r?) (G.1)
=1

where o represents exponents and d; contraction coefficients. These

combinations are called contracted Gaussians.

14



Chapter 3 Basts-Sets for MgB,

(b) In solid state applications, finite number (p) of GTOs are attributed to
the various atoms in the reference zero cell (A, will denote the coordinate of
the nucleus on which ¢, is centered); the same GTOs are then associated
with all translationally equivalent atoms in the crystal. In total, we have Np

GTOs, from which we can construct Np Gaussian-type Bloch-orbitals:
Py (r;K):Z(Pu (r—A“ —g) exp (ik.g) (u=1,..p;k=1,.N) (3.2)

(c) For the crystalline system, very diffuse primitives are avoided
because, (i) the number of integrals to be explicitly calculated increases
explosively, (ii) the accuracy of the calculation must be particularly high in
order to avoid pseudo-linear dependence catastrophes, and (iii) diffuse
functions are not of much use in densely packed crystals, because their tails
are founding regions where there is large variational freedom associated

with functions on other atoms.

(d) The contracted GTOs are quite able to describe accurately the
electronic distributions both in valence and in the core region with a limited

number of basis functions.

(e) An additional advantage of GTOs is due to the fact that their Fourier
transform is another Gaussian and their use in combination with plane wave

(PW) techniques is therefore easy [47].

(f) A given set of GTOs associated with atomic positions, usually
performs better when the atoms are close to each other than if they are far
apart. The region between two atoms is better described if use is made of
functions centered on both atoms. There is then an over-estimation of

binding energies, which is called basis-sets superposition error (BSSE).
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BSSE can be very important with poor basis-sets; the counterpoise

technique for estimating this error gives usually reasonable results [48].

3.4 Basis-Sets for MgB,

In previous section we have mentioned that the accuracy of different
calculations largely depend on the appropriate selection of the basis-sets.
So, a special care was taken to choose the basis-sets for MgBs. In our
present ab initio calculation, all-electron general GTOs free basis-sets
(given in the input; Table 3.1 and 3.2) have been used for MgB,
superconductor. The basis-sets used for B and Mg are 6-21G* [49] and 8-
61G [48], respectively. The magnesium basis-sets are presented in Table 3.1
while Table 3.2 displays the boron basis-sets. The basis-sets used for Mg,
contain 15 functions, a contraction of 8, 6 and 1 Gaussian type functions for
Is, 2sp and 3sp shells, respectively. On the other hand, 9 functions are used
for B (6, 2, and | contracted Gaussian type functions for ls, 2sp and 3sp
shells, respectively). The addition of d-type polarization functions on boron
atom gives its basis-set as 6-21G*. The basis-sets have been optimized for
equilibrium or minimum energy at the least cycles of SCF convergence.

Optimizing value of the outer exponent of the boron sp shell is 0.1820 a.u.

The core shells of Mg atom have been described as a linear combination of
eight Gaussians while the valence shells contain six and one Gaussians.
Similarly, the linear combination of Gaussians for core and valence shells of
boron atom is shown in the Table 3.2. Contraction coefficients have been
optimized variationally for isolated atoms. The best exponent of the outer sp

shell for boron was found to 0.1820.
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When free basis-sets (BS) are chosen, two points should be taken into

account:
1) From the point of view of the CPU time, basis-sets with sp shell (s
and p functions sharing the same set of exponents) can give rise a saving

factor as large as 4, in comparison with basis-sets where s and p have

different exponents [46].
i1) As a rule, extended atomic basis-sets should be avoided. One

should not forget that the real basis functions are Bloch functions.
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Basis-Sets for MgB;

Table 3.1. The magnesium basis-sets. Exponents (a.u.) and coefficients of
the s, p and d Gaussian functions.

Shell

Coefhicient (d;)

Type Gaussian Exponent (o)
s p d
1 s 1 68371.875000 0.0002226
2 9699.340090 0.0018982
3 2041.176786  0.0110451
4 529.862906  0.0500627
5 159.186000  0.1691230
6 54.684800  0.3670310
7 21.235700  0.4004100
8 8.746040 0.1498700
2 sp ] 156.795 -0.00624  0.00772
2 31.0339 -0.07882  0.06427
3 9.6453 -0.07992  0.21040
4 3.7109 0.29063  0.34314
5 1.61164 0.57164  0.37350
6 0.64294 030664  0.23286
3 sp ] 0.4 1.0 1.0
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Table 3.2. The boron basis-sets. Exponents (a.u.) and coefficients of the s,
p and d Gaussian functions,

Coefficient (d
Shell  Type Gaussian Exponent (o) kel

S p d

1 S l 2082.000 0.00185

2 312.300 0.01413

3 70.890 0.06927

4 19.850 0.2324

5 6.292 0.4702

6 2.129 0.3603
2 sp 1 2.2820 -0.3687  0.2312

2 0.4652 1.1990  0.8668
3 sp 1 0.1243 1.0 1.0
3 d 1 0.8 1.0
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CHAPTER 4

METHODS OF CALCULATION

4.1 Introduction

The basic models of condensed matter physics have been refined so as to
describe more and more accurately, a wide spectrum of observable
quantities of real physical systems. The traditional schemes have been
reformulated so as to assume a first principle (ab initio) parameter free
character. In the new formulation the various schemes have been improved
quite substantively by raising the level of approximations [50]. The
corresponding basic equation is now solved with unprecedented numerical

accuracy because of the availability of high-speed computers.

The present chapter provides a general overview of the methods used in the
calculation. The computational tools, adopted for the present study of the
physical and electrical properties of magnesium diboride MgB,
superconductor, is the first principle ab initio quantum mechanical
technique. The all-electron ab initio self-consistent-field (SCF) Hartree-
Fock linear combination of atomic orbitals, (HF-LCAO) method
(implemented in crystal98) has been used in the present investigations. A
detailed description of the HF-LCAO method is given in reference [50].
The density functional theory (DFT) and Hartree-Fock (HF) approaches are
presented here very concisely. To calculate the ground state total energy of
MgB,, the Coulomb and exchange series for one and two electron integrals
mated and evaluated in the present method. Integrals between

are approxi

non-overlapping distributions are also approximated. In some cases,
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numbers of terms of the Coulomb series are aggregated to reduce the

integrals to be calculated.

The contributions to the energy per electron for the homogeneous electron
gas, as a function of Wigner-seitz radius (r;) is shown schematically in
figure 4.1. The importance of exchange and correlation contributions to the

total energy can be understood from this figure.

The structure and sequence of functioning of the source code are also

explained very precisely by means of flow chart and diagram in section 4.6

of this chapter.
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Energy/electron

Correlation

Radius, r

Figure 4.1. Schematic picture for the contributions to
the total energy per electron as a function of the

Wigner-Seitz radius.
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4.2 Ab initio Method

The most widespread method for calculating the ground state properties of
periodic systems is the ab initio technique. The term ‘ab initio’ means ‘from
the beginning’. The ab initio approach begins with the non-relativistic
Hamiltonian and requires no inputs of empirical information. With a given
crystalline structure and chemical composition for any periodic system, the
ab initio method is used to calculate the physical and chemical properties of
the system as accurately as possible without any need for an a priori
information. In this method, the fundamental approximation made is the
expansion of the single particle wave functions (Crystalline Orbital, CO) as
a linear combination of Bloch functions (BF) defined in terms of local
functions (Atomic Orbital, AQO). The local functions are, in turn, linear
combinations of Gaussian type functions (GTF) whose exponents and
coefficients are defined by input [45]. The derivation of the ab initio
methods, Hartree-Fock (HF) and Density Functional Theory (DFT) adopted

in the present study, are illustrated in the following subsections.

4.2.1 Hartree-Fock (HF) Method

The Hartree-Fock (HF) method is also known as self-consistent-field (SCF)
method. It is an important approximation method introduced by Douglas R
Hartree. The goal of this method is similar to that of the variational method.
The method treats the problem of many-electron system in which the
eigenfunction for the system is represented as the product of Z single-
electron wave functions. Each one of these wave functions is determined as
a solution of Schradinger equation (SE) in the field of the nucleus and of the

total average charge distribution of the electrons in the other wave
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functions. The field of the average electron distribution derived from the
wave functions must be the same as the field used in evaluating these wave

functions. This aspect led to the term “SCF” for the atomic field so

determined.

We are concerned with those electronic properties that depend on the
electronic structure of the crystal. This, in turn, is a function of the geometry
and the electric charge of the nuclei, which will be taken as fixed and
arranged according to a crystalline lattice. The first thing that is important to
start any ab initio study of electronic structure is the choice of the
Hamiltonian. The non-relativistic Hamiltonian (F) for any electronic system
can be expressed as [46]:

H=-Y(viR)-SZuma+ T+ Y 2, Zyitag (4.1)
LA

i i>] A>B

In the Hamiltonian expression of equation (4.1), the first, second, third and
forth terms are respectively the kinetic energy of electrons, coulomb
interaction with nuclei and electrons, coulomb interaction among electrons
and electrostatic interaction between nuclei. The electronic structure of a
system can be easily understood when the Hamiltonian and the total number
of electrons of that system is known. The ground state electronic structure
(GSES) governs the properties of any system in condensed matter physics.
So, the calculation of ground state energy and some other properties

associated to the energy are the main objectives of our interest. The GSES

of a given system can be determined by solving the Schrédinger equation
(SE):

H wo =Eo¥y (4.2)
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where Ey is the ground state energy of the system. It is the lowest energy
eigenvalue for the nuclear configuration. In the solution procedure of
equation (4.2), the complexity and problems arise due to the inter-electronic

Interaction term, Z”"y’- The factorization of the problems of many
i>j

electrons into individual electron is prevented mainly by the inter-electronic
interaction. In order to overcome this problem, a simplified form is
suggested by introducing an effective potential [46] for each electron in the

fleld of the others and substituting a sum of one-electron Hamiltonian

(I:IzZl:li ). Some higher order terms are neglected in the process of
i
simplification.

= (fixed nuclei) = 1 = (h.} = GSES
v U v b

nuclear relativistic higher order excited
motion effects effects states

4.2.2 Density Functional Theory (DFT)

The Density Functional Theory (DFT) was introduced by Hohenberg and
Kohn [51]. They showed that the total energy is a functional of the electron
density. This means that one does not need to know the complicated many-
electron wave function, but only the electron density p(r), which is the key
quantity in density functional theory. DFT techniques are based on two
theorems. The first theorem states that a given ground states electron
density, po(r) exits only when the two external potentials differ by a
constant. The second theorem establishes a variational criterion for

determining po (r) and E, together for a given external potential created by a
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set of nuclear charge, e.g. V(r) = - Lo Za/! Ir - ral. E, is found by

minimizing an expression of the form [46]:

jp r)dr + - j o(r")}|r - r'|dr dr
+Ip )dr+ Zz Zaltan (4.3)
A>B

:EeXl * EJ +Ekxc +ERepNuc

with respect to an arbitrary function, p(r), which represents an n-electron
density. In equation (4.3), the first term is the interaction energy with the
external potential; the second term gives the classical-self-interaction of the
charge density p(r). The third term contains the g(r) function, which may
be represented as a density of kinetic, exchange and correlation energy per
unit electron density at r while the last term is the usual internuclear
repulsion. The minimum is obtained in correspondence to po(r).‘g(r) 1S a
functional of density p. Its analytic form is not known. So, different
approximations like LDA (Local Density Approximation) and GGA
(Generalized Gradient Approximation) are used. A short description of
LDA and GGA are given in the following sub-sections. Now we draw our
attention to find out the ground state energy of the system. Within the Kohn
and Sham (KS) method the ground state energy is calculated according to

the self-consistent-field (SCF) procedure as follows:

1. The n/2 lowest eigenvalues and the corresponding eigenvectors are

found out for one-electron effective Hamiltonian,

;1eff Wi(r)zl:";l)—vz+Veﬁ"(r):]\yi(r):8i v (r) (4.4)

-
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2. Calculation of density, p (r);
=23 i (r)’ )
i

3. Re-calculation of effective potential, V.4(r) as a functional of the

density, p (r);
Verr (r)= V(r)+ [p(r')r - dr'+ o (r; [0]) (4.6)
where p. (r; [p]) is the effective exchange-correlation potential

4. If self-consistency is not reached, go to step 1.

5. At self-consistency, p(r) = pg(r) (GS density) and the ground state

total energy can be calculated by the following equation (4.7),

E, Ekps+_[p0 dr+1/2jp0 )po (F)]/|r = | drdr

(4.7)
+E xe T E RepNuc

where the pseudo-kinetic energy, Eyps is defined by,
Eps =Z Jwi(r)*(—%vz)wi(r)dr (4.8)

and the exchange-correlation energy, E,. is expressed as,

= J.Po Po] (4.9)

The application of the DFT method has become a powerful technique to
study the electronic structure of crystals. The ground state properties of a

system of electrons and ions are determined by calculating GS energy from

the electron density using equation (4.7).
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4.2.2(a) Local Density Approximation (LDA)

The - - :
exchange-correlation energy for a homogenous electron gas is

expressed by the following equation given by Kohn and Sham [52],

Exe™[p] = [p(r) eyelp ()] dr (4.10)

They [52] also introduced the local spin density approximation (LSDA)
where spin polarization is allowed and the exchange-correlation energy

becomes a functional of the local electron-spin densities, p: and p, :

Ex™p1.p1] = [p() e lpr () oy ()] ar @.11)

By writing E,y in this form and applying the variational principle one-

electron KS equations maybe derived in the following form:
1
{— VA Ve )+ Ve o)+ [p(r)]} vi(r)=ew(r) (4.12)

where n 1s the fictional derivative of E,. with respect to density. Thus the

many-body-problem can be solved in this method by replacing a set of
effective one electron KS equations and the electron density is obtained by
summing over all occupied states i.e. p(r) = > |y;(r)|*

i occupied

4.2.2(b) Generalized Gradient Approximation (GGA)

The generalized gradient approximation (GGA) is more efficient than local
density approximation (LDA). Gradient corrections are included in this new
approximation. It is also applicable to the system of inhomogeneous

electron gas. Thus it is able to yield the more appropriate results and the
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exchange-correlation energy E. is a function of the spin density and their
gradients [46]:

EScGA [PTaDJ,] = HPT (r),p¢(r),VpT (r),Vp¢ (r),] dr (4.13)

The purpose of introduction of GGA is to improve the quality of LDA

results significantly.

4.3 Basic Equations Embedded in the Programme

In this section, the fundamental equations of the HF-LCAQO method are
given. The Crystalline Orbital (CO) w; (r;k), is a linear combination of
Bloch functions (BF), ¢, (r;k). The Bloch functions are expressed in terms
of the local functions ¢, (r), which is also known as atomic orbitals (AOs).

The mathematical expression for these relations are given as below:

yi(rsk)=> ay (k) o, (rsk) (4.14)
L

o (k)=S0 r—A, —g)e™e (4.15)
g

Where A, denotes the coordinates of the nucleus in the zero reference cell
on which ¢, is centered, and the 2. is extended to the set of all lattice
vectors g. The local functions are expressed as a linear combination of a
certain number, ng, of individually normalized Gaussian type functions
(GTE) with fixed coefficients, d; and exponents, a;, defined in the input

[45,46]:

ng

cpu(r—Au—g)=Zd.iG(°‘j3r—Au—g) (4.16)
J
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The AOs belonging to a given atom are grouped into shells. The shell can
contain all AOs with the same quantum numbers, n and ¢ (e.g. 3s, 2p, 3d
shells) or all the AOs with the same principal quantum number, n, if the
number of GTPs and the corresponding exponents are the same for all of
them (mainly sp shells). The o exponent is the smallest of the o exponents
of the Gaussian in the contraction. The adjoined Gaussian (G) is used to
estimate the AO overlap and select the level of approximation to be adopted

for the evaluation of the integrals.

The expansion coefficients of the Bloch function, a,; (k), are calculated by

solving the matrix equation for each reciprocal lattice vector, k;
F(K) AK) = S(k) A(K)E(K) (4.17)

in which S(k) is the overlap matrix over the Bloch functions, E(k) is the

diagonal energy matrix and F(k) is the Fock matrix in reciprocal space;

F(k)=> Fee'e (4.18)
g2

Now the matrix element of the Fock matrix (F®) in direct space can be

written as a sum of one-electron and two-electron contributions in the basis-

sets of the AOs;
F§ =H} + By (4.19)

Again the one-electron contribution is the sum of the kinetic and the nuclear

attraction terms,

HE, =T§ +Z}, :<(p”:l\“ (p§>+<(p”2

<p§> (4.20)

and the two-electron term is the sum of the Coulomb and exchange

contributions,
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B'lgz = C,g2 + Xigz
" )] 1 (4.21)
] 4 & z[(q)?(pg‘(f)gq’? )—5(@?(Pg (p%(pif’" )}
Iy n h

The density matrix elements P" in the AOs basis-sets are computed by

integration over the volume of the Brillouin zone (BZ),

PR =2 [ dk e™ 3o} (k) ay, (k)0 5, (K)  (422)

where a;, denotes the i-th component of the n-th eigenvector, 8 is the step
function, &f, the Fermi energy and €, the n-th eigen value. The total

electronic energy per unit cell is given by,

B = 3" S P (M8, + BY, ) (4.23)

1,2 g

4.3.1 The Coulomb Series

The appropriate coupling between electron-nucleus and electron-electron is
very important for the evaluation of the Coulomb contributions to the total
energy and Fock matrix. The computational technique for doing so was
presented Dovesi et al. [53] and by Saunders et al. [54]. A very short

description is given here.

The Coulomb bielectronic contribution to the Fock matrix (C %) and to the

total energy is given by,

o ot )| (4.24)

3.4 0t

g eoul :%Z S PE D D Py ;[(cp? 5
“12 g '

Seven indices are involved in equation (18); four of them (1,2,3 and 4) refer

to the AOs of the unit cell, the other three (g, n and h) span the infinite set
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of translation vectors. By the symbol ¢¢ we mean AO number 2 in cell g. P
is the density matrix. The electron-electron and electron-nuclei series (C* 2

and Z*,;) can be rearranged as follows [45]:

The Coulomb and nuclear attraction terms are expressed as,
1 ,
Ch +25 =33 [drdrol(r)es(r)r—r'— b p; (r-h) (4.25)
A h

For a given shell A, there is a finite set B, of h vectors for which the two
interacting distributions overlap. In the bielectronic zone (B;), all the
bielectronic integrals are evaluated explicitly. In the infinite region
(monoelectronic zone, M;), p; is expanded and evaluated to infinity
analytically [54]. The final expression for the Coulomb contribution to the

Fock matrix is

h__h+n
P3Py )

CE +278 = Z{Z[ZZZPM(‘PI‘P?

A h L3gA 4 n

~ Sy (A ol (12g:A, +h) | (4.26)

t.m

23T (A ) )of (12g;A; +h)

h £,m

where Y (Ax, }= Idrp;b ("_A)‘)N?1 Xy (r_Al) and

of (12g;A, +h)

~2f -

J‘dr(pl r)os (r)XT (r— A, —h)r— A, —h|

The advantage of applying equation (4.26) is that many long-range integrals

can be replaced by fewer three-centre integrals.
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4.3.2 The Exchange Series

The exchange series demand a careful selection of the terms that contributes
to the Fock matrix and then to the total energy [55]. The exchange

contribution to the total energy can be written as,

excl 1 1 n g 1
E™h = 5 2. 2P [‘5 ZZ%AZ(‘P?(P? ‘PE‘PH )} (4.27)

12 g 34 n h

where the terms in the square brackets is the exchange contribution to the
12g element of direct space Fock matrix. Exchange energy converges itself

because it has no counterpart of opposite sign as the Coulomb term.

4.4 The Role of Symmetry in ab initio Calculation

Translational symmetry allows the factorization of the eigenvalue problem
in periodic calculations, because the Bloch functions are a basis for
irreducible representations of the translational group. Point symmetry plays
a vital role to reduce the number of points for which the matrix equations
are to be solved. Point symmetry is also explicitly used in the reconstruction
of Hamiltonian, which is totally symmetric with respect to the point group

operators of the system.

In the HF-CO-LCAOQO scheme, the very extensive use of point symmetry
allows us to evaluate bielectronic and monoelectronic integrals with saving
factors as large as h in the number of bielectronic integrals to be computed
or h? in the number of those to be stored for the SCF part of the calculation,
where h is the order of the point group. The different steps of the procedure

are explained in the literature [56].
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4.5 Integration in Reciprocal Space

The integration in reciprocal space is an important aspect of ab initio
calculations for the periodic systems. The problem arise at each stage of the
self-consistence procedure, when determining the Fermi energy, €, when
reconstructing the one-electron density matrix and, after self consistency Is
reached, when calculating the density of states (DOS) and a number of
observable quantities [46]. The P matrix in direct space is computed
following equation (4.22). The technique adopted to compute € and the P
matrix in SCF step is described in reference [51]. The Fourier-Legendre
technique is used to calculate the total and projected DOS [52]. The integral
of equation (4.22) and the Fermi energy are evaluated from a certain set of

sampling points {k} in the reciprocal space.

4.6 The CRYSTALY8 Code

The CRYSTAL98 source code is written in the FORTRAN language. It consists
of several programmes, which are based on FORTRAN90 [57] standard and
FORTRAN77 [58] standard. A group of researchers (The Theoretical Chemistry
Group of the University of Torino) initially developed the code [51,52]. The
development of the present version (CRYSTAL98) [45] of the code has been
assisted by the constant support and interest of C. Pisani, and a lot of
contributions were made by M. Causa, N. M. Harrison, E. Apra and R.
Orlando. Calculation of wave function and properties of any crystalline
system can be performed by this program using the Hartree-Fock Linear
Combination of Atomic Orbitals (LCAQO) method with HF and DFT

approximations.
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4.6.1 The CRYSTAL98 Code Structure

The structure of the code is generally divided into three parts. Part-I
contains the input routines, which includes geometry, basis-sets and
computational parameters. The symmetry analysis, infinite lattice
generation, monoelectronic and bielectronic integrals are evaluated in this
section. The SCF (self consistent field) calculations are performed in part-II.
There are four steps in each SCF cycle : ¢, B, v & 8 [50]. In a step, the Fock
matrix is generated from the combination of direct density matrix and the
integrals. In order to have the block diagonal structure the Fourier
transformation of the Fock matrix is made in B. Iny the Fock matrices F(k)
in the reciprocal space are diagonalized. The eigenvalues are used to
calculate the Fermi surface and the eigenvectors to compute the direct
density matrix at the final step 8. Part-11l finally computes the ground state
properties, starting from the conversed solution. A complete SCF cycle is

illustrated diagrammatically in figure 4.3.

4.6.2 The Flow Chart of the Code Operation

The functionality of the various programmes and their links are illustrated in
figure 4.2. Unformatted Sequential data sets have been used in the present
calculations. The s, p and d shells of the GTF can be used. The sp shell (s
and p shell) can also be used. The advantage of using sp shell is to save the
CPU time. A common filing system maintains all types of programme

communication.
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INTEGRALS

Definition of geometry and BS
calculation of symmetry information
Classification, selection,
Computation of one- and two-electron
integrals

Fortran files: geometry.
BS, symmetry
information one-& two
electron integrals

SCF

[terative solution of SCF
equations

!

Ground state wave functien

!

PROPERTIES

Ground state properties

Figure 4.2. The flow chart of the functionality
executed by the code is presented in the diagram.
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o) Reconstruction of F* and
calculation of total energy

$) Calculation

B) Fourer
of Ep &

Er and P‘ ([ ={transform of
reconstruction Fe

) Digitalization of F(k)

Figure 4.3. Illustration of different
functions executed in each step of an
SCF cycle.
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4.7 Computation of Different Properties of MgB,

The present investigations for various properties of MgB, were based on ab
initio self-consistent-field linear combination of atomic orbitals (SCF-
LCAO) computer programme CRYSTAL98 [45, 46, 50] with Hartree-Fock
(HF) and density functional theory (DFT) options. The DFT Hamiltonian
was used where the electronic correlation (BECKE) and the exchange
(PWGGA) potential are chosen according to functionals proposed in the
literature [59-62]. The integrations over the Brillouin zone (BZ) were
performed using the Monkhorst-Pack scheme [63]. We simply remark here
that CRYSTAL98 is a general program for the treatment of crystalline
compounds of any space group, which has been applied to the study of

semiconductors, crystals, slabs and polymers.

The basis-sets used are 6-21G* for B and 8-61G for Mg which are presented
and described in chapter 3 (Tables 3.1 and 3.2). It is also explained in our
paper [16]. The unit cell of MgB, consists of three atoms. Eleven shells and
thirty seven atomic orbitals have been used for the ground state energy
calculation of MgB,. Each atomic orbital is a linear combination of
Gaussian-type functions (GTF), which are the product of a radial Gaussian
times a real solid harmonic function (see chapter 3). The exponents and
coefficients of the inner shells were optimized in the study of MgB,. The
exponents of the most diffuse sp and d shells for each atom have been
optimized by searching for the minimum crystalline energy. The present
basis-sets appear adequate to provide a high quality description of the

ground state properties of MgB;.
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The quality of the calculation depends on the density of points with which
the Brillouin zone (BZ) is sampled. The integrations over the BZ were
performed using the Monkhorst-Pack scheme [63]. The accuracy of the
infinite Coulomb and exchange series evaluation was increased by
introducing tight tolerances of the order of 10”7 for coulomb overlapping and
penetration. To achieve SCF convergence with greater accuracy during the
Brillouin zone (BZ) integration very tight condition was set for the
calculation of energy eigenvalues (convergence on eigenvalue 107y and
ground state energy (convergence on energy 107). The accuracy of the
integration (mono- and bi-electron integrals) also depends on the number of
sampling points in the reciprocal space. A dense Monkhorst [63] and Gilat
net [64] were defined with a total of 133 and 793 k-points in the reciprocal
space, respectively, corresponding to the shrinking factors of 12 and 24. But
for the calculation of the elastic constants a Gilat net was defined with a
total of 150 k-points in the reciprocal space, corresponding to a shrinking
factor of 8. In order to achieve the convergence, we had to use this smaller

k-points net in the later case.

4.7.1 Total Energy

The total energy E of MgB, has been calculated at different primitive cell
volume and it was minimized as a function of the c/a ratio for selected
values of volume. Then the energy was plotted as a function of normalized

volume V, (=V/V,) for HF and DFT approaches, respectively.

The zero pressure bulk modulus By and its pressure derivative B, (=dB,/dP)
were determined by fitting Murnaghan equation of state, equation (4.28), as

detailed elsewhere [65]:
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' I_Bix
AB(V) = E~Eq = ByVp| 1 + —— — —2. (4.28)
By 1-By By(By-1)

where Ej is the equilibrium energy. The pressure was then obtained from
normalized primitive-cell volume, V, (=V/V,, V, being the equilibrium
volume) through the thermodynamic relationship:

p - _gf;/ - f;_z[vn—a‘o - 1} (4.29)
The normalized cell volume (V,) is then plotted as a function of the
calculated pressure. The pressure dependence of the lattice parameters of

MgB, are also tested and the linear bulk modulus (B,y and B.) and their

respective pressure derivatives ( 8,, and B,,) by fitting Murnaghan equation

of state, equation (4.29), with the calculated data of the present work.

4.7.2 Elastic Constants, C;;

The elastic constants are defined as the second derivatives of the ground

state energy with respect to strain components (g, ). Mathematically it can

be generally written as,

8°E
C.=1V- (4.30
) / agiaaj )

where E and V are the energy and volume of the unit cell.

There are five independent components of the elasticity tensor for MgB,,
instead of three as in the cubic case. These elastic constants are usually
denoted by Cyj, Cy,, Ci3, C33 and Cyy (or Css). It is very difficult to calculate
the elastic constants for hexagonal systems because of its low symmetry
rather than the cube systems. The elastic constants are defined by means of

a Taylor expansion of the total energy of the system E(V,8), with respect to
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a small strain & of the lattice of volume V. The Bravais lattice spanned by

three vectors are written in a form R = (\/7 -1/20;01 0; 0 0 c/a). We can

express the energy of a strained system [66]:
E(V,8) = E(V,,0)+Vo| Y 1,88 +5 2. C;8:8;8; (4.31)
i i

where E(V,0) = energy of the unstrained system with volume V. 1; is an

element in the stress tensor, &; is a factor to take care of Voigt index [66].

Now we concentrate our attention in determining the elastic constants. The
lattice distortions employed here are those given by Fast et al. [66]. To
calculate five independent elastic constants we have to require five different
strains. The distortions applied in the present elastic property study of MgB,

and the corresponding energies are as follows [66, 32]:

(a) Distortion that changes the size of the basal plane, keeping z-axis

constant (symmetry of the strained lattice is still hexagonal):

1+8 0 0
D,=| 0 148 0 (4.32)
0 0 1

E(V,8) = E(Vy:0) + Vol(t, + 1,08+ (C,, + Cn)8% | (4.33)

(b) Distortion in which z-axis is kept constant, x axis increases and y axis

decreases by equal amount (symmetry of the strained lattice is monoclinic):

1+8 0 O
D,=| 0 1-86 0 (4.34)

0 0 1
E(V,B):E(VO,O)+V0l(t, —12)6+(C” —C|2)62J (4.35)
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(c) Distortion that stretches z axis, keeping other axes unchanged (shear

maintains hexagonal symmetry):

1 0 0
D=0 1 0 (4.36)
0 0 1+9d
E(V,8) = E(Vy,0) + Vy[(158 + -;-c3362J (4.37)

(d) Distortion that preserves the symmetry but changes the volume:

1+5 0 0
D,=| 0 1+8 0 (4.38)
0 0 1450

E(V,8)=E(V,,0) + \/0[(1:I + 1, +r3)6+%(2C” +2Cy, +4C; +C54 )62J

(4.39)
(e) Volume conserving triclinic distortion:
1 0 o
D;={0 1 0 (4.40)
6 0 1
E(V,8) = B(Vy,0) + Vo (158 + 2C,4)8% (4.41)

The improvements in accuracy and speed of the program due to the
availability of high-speed computers allow us to evaluate the elastic
constants of simple highly symmetric systems by computing numerically the
second derivatives of the energy. Thus imposing the above-mentioned
distortions we have calculated the total energy by means of ab initio DFT
method. The corresponding energy expressions of the applied distortions
have been used to evaluate the elastic constants. To evaluate the elastic

constants third-order polynomials were fitted to the data.
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4.7.3 Electronic Band Structure Calculation

We already mentioned that DFT method has been used to calculate the band
structure of MgB,. A byproduct of DFT eigenvalues for periodic system is
the associated band structure. In other words, the spectrum of the energy
eigenvalues of a periodic system is the band structure. So, the lattice
periodicity of a crystal has important consequences for the dynamics of the
electrons. Each level of the isolated atom spreads out to form a band of
allowed electron energies. The electronic band structure determines the
electronic properties of the crystal. In the present calculation, seven lines
have been explored in the reciprocal space for evaluating the electronic band
structure of MgB,. Eight bands have been evaluated starting from the initial
band 8 to the final band 15. Total number of equal spaced 133 k-points has
been used along each of these lines by introducing the value of the shrinking
factor 12.. The calculations are done at equilibrium (P = 0) and under
pressures of P = - 24 GPa and P = 38 GPa while all the conditions are kept
undisturbed. A similar band structure calculation was done for fewer
symmetry directions and shorter energy ranges in order to get a broader
vision of the bands, which would help us to make comments on electronic
structure. In the later case, 9 to 14 bands have been considered by exploring
five lines. We have also been done the same calculations for the band of

Mng.

4.7.4 Density of States (DOS) Evaluation

The electronic density of states (DOS) is treated as a qualitative instrument
for understanding the electronic structure of any material. Especially it is
very useful in the point of view of the projected density of states (PDOS).

Projected density of states are a useful means for characterizing in a
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synthetic way the crystalline orbitals (COs) associated with the various
energy levels and for analyzing the ground state wave function from a
physical point of view [50]. According to PDOS, the states are attributed to
the basis functions and then to the atoms of the unit cell. The total DOS is
then written as a sum over atomic contributions. The DOS is calculated by

using the expression [46],

ne) =23 5[ - 2% )= (2/vg,) Y o e e ) dw (4.42)

n,K n

and the number of electron in the unit cell is given by, f; n (8) d (8)

In the present study, 8 to 15 bands have been considered for the
corresponding density of states (DOS) calculation and fourteen Legendre

polynomials have been used to expand the DOS.

4.7.5 Electron Charge Density (ECD)

To examine the effects of volume (and hence pressure) on the electronic
band structure near the Fermi level (Er) we chose the maximum change in
V, in such a way that pressure P lies in the range -25 to 40 GPa. At each
volume within the range the structural parameters have been optimized and
the energy bands and density of states were calculated. The full BZ are
spanned in such a way that I'-M-K-I"-A-L-H-A directions are covered. The
I'-M-K-T lines are in the basal plane, while A-L-H-A lines are on the top of

the plane at k.
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4.7.6 Electric Field Gradient (EFG)

The theoretical measurement of the electric field gradient (EFG) is very
important for a better understanding of the experimental results. We
determined EFG from the first principles i.e. using ab initio technique. The

general expression for the principal component of the EFG tensor, arising

from a charge density, p(r), is defined as [46],

_J- ~P2 cos )) dr (4.43)

where P, is the second order Legendre polynomial. Thus once the charge

density of a system is known accurately, the EFG can be obtained.

The EFG tensor was calculated directly from the SCF-HF-DFT electron
density. The coordinate axes are chosen in such a manner that V,, is the
EFG component along the crystallographic c-axis. Then the tensor is
completely characterized by two parameters: the largest component V,, and

the axial asymmetry parameter n defined by n = |V - V| /] V4.
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CHAPTER S

RESULTS AND DISCUSSION

5.1 Introduction

The results of our investigations on the newly discovered magnesium
diboride, MgB, superconductor are organized in the present chapter. The
ground states total energy and the structural properties of magnesium
diboride are reported. The relations among various parameters and their
pressure dependence are demonstrated by suitable figures. In the present
study we have determined five elastic constants, bulk modulus and the
pressure derivatives of bulk modulus for MgB,. The foremost interest of the
investigations was to calculate the electronic bands and to focus it in the
light of superconductivity in MgB,. The structure and behaviour of the
bands are studied with a pressure range of ~ -25 GPa to ~ 40 GPa. The
corresponding partial and total density of states (DOS) are then evaluated
and analyzed. In addition, we present here the charge density of MgB, for
(110) plane. Finally, a short discussion is made on the electric field gradient

(EFG) evaluation.

5.2 Structural and Mechanical Properties of MgB,

The ground state properties of MgB; have been obtained by minimization of
the total energy with respect to the unit cell volume. A uniform compression
and expansion of the lattice were used to make isotropical variation of the
unit cell volume [67]. Our calculated total energy of MgB, is shown as a

function of the cell volume in figure 5.1. Figures 5.1(a) and 5.1(b) show the
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energy versus volume data for two different ab initio calculations - HF and
DFT, respectively. It was necessary to perform 20 independent calculations
over a range of volumes and c/a ratio. The energy was minimized as a
function of the c¢/a ratio for selected values of volume. The calculated c/a
ratio has been plotted as a function of normalized volume and is shown in
figure 5.2(a) along with the result (open square) from [68]. The energies AE
(= E-Ey, where E; is the minimum or equilibrium energy) of MgB,
calculated at different primitive cell volume (V) have been shown in figures
5.2(b) and 5.2(c) as a function of the normalized volume V, (=V/V,, where
Vy 1s the equilibrium volume) respectively for HF and DFT methods. The
data points of figures 5.2(b) and 5.2(c) are fitted by the Murnaghan equation
of state (4.28) to obtain the lattice parameters of the equilibrium structure
and then to determine the bulk modulus by analyzing the fitting parameters.
The optimized lattice parameters of MgB, are: a = 3.0889 A and ¢ = 3.5337
A. We observed that these values are in excellent agreement with the
experimentally measured values: a = 3.086 A and ¢ = 3.524 A [1]. We have
used these calculated values of the lattice parameters all through our

investigations for a variety of properties of MgB,.

The pressure dependence of volume (V) of MgB, is obtained through the
thermodynamic relationship (4.29). The resulting pressure dependence of
volume (V) as well as normalized primitive cell volume (V,) of MgB, is
shown in figure 5.3. It is obvious from figure 5.3(b) that the pressure
dependence of normalized volume Is almost independent of HF or DFT
approach. On the other hand, the volume gradually decreases with the
increase of pressure. Figure 5.4 shows the pressure dependence of the
normalized lattice constants of MgB,. The results (open circle) of ref. [68]

over a pressure range of P = 0-12 GPa have been plotted along with our
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calculated data in figure 5.4. The figure shows evidence of a very good
harmony between these two sets of data. The variation of lattice parameters
with pressure is illustrated in figure 5.5 as well. Our calculated results for
lattice parameters, equilibrium volume and bond distance (nearest neighbour
distance) of Mg atoms and B atoms are presented along with some other

available experimental and theoretical data in Table 5.1.

For solids with isotropic compression, the mode Griineisen parameter y of
zone-centre phonons are ~1. Loa et al. [29] assumed this to be 1 while
estimating d/nT./dP using McMillan’s formula for T.. In doing so they had
to choose an exceptionally small u*= 0.04 in order to reproduce the
measured T.. In fact the expression for d/nTJ/dP contains A (electron-
phonon coupling), pressure dependence of density of state d/#N(0)/dP and
Y = Bodinw/dP. Apart from other reasons smaller y would require small p*.
Recently Goncharov et al. [68] determined y to be 2.9+0.3. Utilizing A = 0.9
[17], d/aN(0)/dP = - 0.004 GPa™ [11], u* = 0.1, and the experimental value
of dT/dP = -1.9 K/GPa [7], we estimate y ~ 1.88 - 2.35 with Bo= 120 - 150
GPa. If we ignore pressure dependence of density of states then these values
become 2.21 and 2.77, respectively. Thus we find y to be substantially larger
than 1, which is expected for phonon in a compound with covalent bonding
like graphite. For iron with partial metallic bonding y= 1.7 [69]. Thus for
MgB, we should not expect y to be ~1 as has been assumed in ref. [29]. It is
to be noted that larger y is usually associated with enhanced anharmonicity
of the particular normal mode of vibration, and is broadly consistent with

theoretical prediction for the E, in-plane B stretching mode [68].
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Figure 5.1. The energy of MgB, as a function of the
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(b) DFT method. The solid lines through the data points
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Table 5.1,

Experimenta] and theoretical information on structural
parameters of MgB, at equilibrium condition.

Calc. a(A) c(A) c/a V(A Mg-B B-B Ref.
LCAO-DFT 3089 3.534 1.144 29.199 2510 1.783 Present
LCAO-HF  3.064 3493 1.140 28.399 2.486 1.769 Present
=
£ FP-LAPW  3.075 3.527 1147 28.882 - - [10]
S DFT 3.065 3.519 1.148 28.629 - - [30]
=
= FP-LMTO  3.084 3.522  1.142 29.010 2.504 1.781 [36]
LMTO-TB  3.071  3.528 1.149 28.815 - - [23]
FLAPW  3.080  3.548 1.149 29319 - - [70]
SQUID&  3.086 3.5224 1.141 29.051 - - [1]
X-ray
Diffrac.
_ TDPAC 3075 3519 1.142 28816 - - [10]
x
T Magneto-  3.140  3.520 1.121 30056 - - [3]
& Transport
£ Xeray 3.086 3.521 1.141 29.039 - - [70]
;f powder
diffrac.
Neutron  3.085  3.521 1.141 29.021 - - [4]
Powder
Diftrac.
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5.2.1 Elastic Constants, C;;

There are five independent components of the elasticity tensor for MgB,,
instead of three as in the cubic case. With these five distinct lattice
deformations, we have calculated the energy using the appropriate
expressions (equations (4.30) to (4.41) in chapter 4). The dependence of
calculated strain energy, AE [E(V,8) - E(V,,8)] on deformation & is shown
in figures 5.6 and 5.7. It is important to discuss the positions of boron used
in the calculation particularly in distortions of figures 5.6(b) and figure
5.7(c). We illustrate at this time the case of figure 5.6(b). Here the positions
of atoms (in A) for & = 0.01 are Mg (0, 0, 0), B (-3.404, 0, -3.305),
B (-1.702, -2.889, -3.305). These may be compared with the positions
before deformation: Mg(0,0,0), B(-3.305,0,-3.305), B(-1.685,-2.919,-3.305).

This corresponds to changes in the crystallographic cell edges and angles in

the range <0.05 A and <0.51°, respectively. The case of figure 5.7(c) is

not much different from this scenario. The coordinates of Mg and B atoms
were not optimized each time the lattice was deformed. This should not
affect the results for C;,+C,, (Equation 4.33) and C,; (Equation 4.39), as the
site symmetries and the Bravais lattice remain unchanged in these cases.
The maximum deformation was kept under +1% of the equilibrium lattice
parameters in order to reduce the influence of the higher order terms in the
expansion of the strain energy. The deviation from zero deformation of the
minimum in the strain energy curve for cases figure 5.6(a) and figure 5.7(c)
is due to the fact that the algorithm used to search for the structure of
minimum energy was not exhaustively iterated. Similar effect was observed
by Perottoni et al. [71] for TiB,, where corrections for the lattice parameters

were less than 0.5%. Third order polynomials were fitted to the data in
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figures 5.6 and 5.7 from which five elastic constants of MgB, were
calculated according to appropriate expressions given in chapter 4. It is to
be noted at this point that the third order component of the fit which affects
the total energy by an amount which is less than an order of magnitude
compared with the second order term. The results of the calculated elastic
constants are given in Table 5.2 along with those from the full potential
LMTO calculations of Ravindran et al. [32] for MgB,. Experimental values
of elastic constants are not yet available for comparison. Thus for the
purpose of comparison the room-temperature experimental values of a
similar type material TiB, due to Spoor et al. [72] have been shown in the
table. Our values are found to be comparable with those due to Ravindran et

al. [32]. The largest discrepancy is observed for C,, (Figure 5.6).

At this point it is not possible to distinguish clearly the advantage or
disadvantage of the present method over FPLMTO. The two methods use
different approaches to the problems, but both of these allow total energy
calculations to be done for arbitrary crystal structures. The energy is
evaluated directly with inclusion of exchange and correlation effects in both

the methods. To improve our Fock matrix at the self-consistent-field cycle j
was made equal to F™ = (l—m)FJ-+ij_l, where m is a mixing

parameter equal to 0.3 [45, 50]. The present DFT technique has been shown
[16, 71] to yield better estimates of energy despite approximate treatment of
correlation effects. This, however, may not be always true for properties that

depend on energy derivatives.
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Figure 5.6. Strain energy AE as a function of the
lattice deformation J for elastic constants (a) Cj + C),
and (b) Cj; — Cj». The solid curves represent the third
order polynomials fitting of the data.
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The tendency of the type of calculations presented here to overestimate
some elastic constants including C,, has been pointed out by several authors
(see Ref. [71]). Moreover the values for the combinations C;+C» and
Ci1-Cy2 are found to vary depending upon the particular functionals used for

the exchange-correlation.

Table 5.2. Elastic constants C;; and bulk modulus B (calculated from the

elastic constants) of MgB, and TiB, (in GPa).

Ref. C“ C]g C|3 C33 C44 Biso

Present 446 68 39 284 77 158
[32] 438 43 33 264 80 150
[72]* 660 48 93 432 260 244

* Experimental value for TiBa.
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5.2.2 Bulk Modulus and its Pressure Derivative

We calculated the isotropic bulk modulus Bi, (given in table 5.2), obtained

under the assumption that the c¢/a ratio remains unchanged when the lattice

Is subjected to an isotropic stress [66],
Biso= 2(C); +C}, +2C}3 +1 C53) (5.1)

The set of calculated elastic constants gives By, = 163 GPa. This may be
compared with the bulk modulus obtained through the analysis of the data
from figure 5.2(c). The solid curve in figure 5.2(c) is the resulting fit of
Murnaghan equation of state [16, 65]. The fit yielded B = 163 GPa and 167
GPa with dB/dP = 4 and 3.5, respectively. Thus the value is in very good

agreement with that obtained from our calculated elastic constants.

The linear bulk modulus at P = 0 along the crystallographic axes a and ¢
(B. and Bgy) and their pressure derivatives are also obtained by fitting
equation (4.29) to data of figures 5.4 and 5.5. The linear bulk moduli By
and B and their pressure derivatives are shown in Table 5.3. The
anisotropy in bonding of MgB, is illustrated in figure 5.4. As the pressure
increases from 0 to 10 GPa, the c/a ratio decreases by 0.51%. Compression
along the c-axis is larger than along the a-axis, consistent with the
comparatively weaker Mg-B bonds that determine the c-axis length. The
result is in line with the measurements at room temperature {73], but of a
larger magnitude. A similar but smaller anisotropy has been seen for TiB,
[71]. The layered cuprates show much larger (~a factor of 2) compression
anisotropy [4]. The fitted values for By, B a0, Beo, B oo clearly reveal the
diversity in bonding interactions present. MgB; is less compressible in the

basal plane, in which the covalent B-B bonds lie. The interlayer linear
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compressibility, d/nc/dP = 0.00204 GPa"' is ~1.4 times larger than the in-
plane value (d/na/dP = 0.001 5 GPa™). It is worth noting that the structurally
related alkali-metal intercalated graphite is strongly anisotropic (see [74])

with interlayer compressibility about ten times larger than the corresponding

value in MgB,.

We furthermore estimated the zero-pressure bulk modulus B for a single
crystal with hexagonal symmetry, when there is no constraint on the c/a

dependence on lattice strain. The expression for this is given below [66, 75],

~ Cy(Cyy +C|2)—2C|23

B =

(5.2)

Our calculated data in Table 5.2 yields B = 158 GPa. The isotropic bulk
modulus Bj,, is about 3.4% above the value obtained when there is
relaxation of c/a ratio, equation (5.2). The corresponding value is ~2.3% for
TiB, [71], indicating a similar but smaller anisotropy for this compound
TiB,. The layered cuprates show much larger ( a factor ~2) compression
anisotropy [4]. Equation (5.2} cannot be used for this strong anisotropic case
due to lack of elastic constant data. We may further compare the degree of
anisotropy in the linear compressibilities of the two diborides. The values of
the linear bulk modulus along the a-axis and the c-axis for MgB, are 793
GPa and 446 GPa, respectively. We obtain these using appropriate
expressions for hexagonal crystals given in Ref. [32]. The corresponding
values for these linear bulk moduli are 1031 GPa and 675 GPa, respectively,
for TiB,. MgB2 is less compressible in the basal plane, in which the
covalent B-B bonds lie. Further the interlayer linear compressibility
dipc/dp is ~1.4 times larger than the in-plane value [16]. It is to be noted

that the structurally related alkali-metal intercalated graphite is strongly
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anisotropic with interlayer compressibility ~ 10 times larger than the

corresponding value in MgB, [74].

The comparison between the isotropic and fully relaxed bulk moduli may
suggest that MgB, is less anisotropic than one would think on the basis of
its ‘planar’ crystal structure. The same observation was made earlier for
TiB, [71], which was further corroborated by a study of the directional
dependence of Young and bulk moduli. It s, therefore, likely that in MgB,
also the interaction between B planes are not negligible and should be taken
into account for a better understanding of the origin of the mechanical

behaviour.
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Table 5.3. Bulk n_mdulus, pressure derivative of bulk modulus and their in-
and out-of-plane linear values for MgB, superconductor.

Method of By B, B.o B,/ B GPa) B,  Ref
calc. (GPa) (GPa)
HF .
122 3.4 653 15.0 397 5.5 This
work”
1 )
DET 63 4.0 This

Synchrotron 155 4.0 625 - 333 - [68]
X-ray diffrac.
Synchrotron 120 3.6 410 13.0 292 8.5 [74]
X-ray diffrac.
FPLAPW 143 3.46 - - - - [10]
FPLAPW 140 3.93 - - - - [29]
FLAPW 139 ] - - - ~ [t
1514+5°

X-ray power
diffrac.

i .

For entire pressure range.
d .

Experimental value
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5.3 Electronic Properties of MgB,
5.3.1 Band Structure and Pressure

The calculations of electronic band structure of MgB; superconductor have
been performed by all-electron ab initio self-consistent-field HF-LCAQ
method, as described in the previous chapter, using DFT approach with
generalized Gaussian Approximation. The basis-sets used in this band

evaluation are explained in chapter 3 and presented in table 3.1 and 3.2.

To examine the effects of volume (and hence pressure) on the electronic
band structure near the Fermi level (Ef) we chose the maximum change in
V, in such a way that pressure P lies in the range -25 to 40 GPa. At each
volume within the range the structural parameters have been optimized and
the energy bands and density of states were calculated. The full BZ are
spanned in such a way that I'-M-K-I'-A-L-H-A directions are covered. The
[-M-K-T lines are in the basal plane, while A-L-H-A lines are on the top of
the plane at k;. Figure 5.8 shows the band structure of MgB, at the
equilibrium volume (P = 0). Band structure at an extended volume (P = -24
GPa) is shown in figure 5.9(a) while figure 5.9(b) shows the band structure
under a pressure of 38 GPa. The result for the same band structure
calculation but with a wider energy range and along some additional
symmetry directions, e.g., L-H-A are also illustrated in figures 5.10(a) and

5.10(b) for the applied pressure of —24 GPa and 38 GPa, respectively.

There are two distinct types of bands, both of which are contributed by

boron. The upper part of the valence band is composed of B 2p-states

which form two sets of bands with 6(2p,,) and n(p,) character. The general
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features of the bands obtained in the present study are in very good
agreement with results from other studies [23, 24, 26, 30, 35]. The 6(2pxy)

band along I'-A is double degenerate, quasi two-dimensional and makes a

considerable contribution to DOS at Fermi energy, Er for MgB,. The
existence of degenerate pxy-States above Er at the I point in BZ has been
shown to be crucial for superconductivity in MgB, [23]. The weaker ppr-
interactions result from B 2p,-bands. These 3D-like bands possess

maximum dispersion along the I"-A direction.

The band structure away from the equilibrium is shown in figure 5.9 and
5.10. The character of ¢ band is unchanged even after application of
pressure as because the symmetry is not broken. The weak dispersion of the
o band along I'-A reflects their particular quasi-two-dimensionality. The
dispersion increases slightly with increase of pressure. The ¢ band crosses
the Fermi surface at I" point at a pressure of ~38 GPa (V,= 0.85). When the
o band is below the Fermi surface, the ¢ bonding state is completely filled.
Thus compression decreases the holes in the ¢ band. Neaton et al. [30]
observed that the o bands of MgB, are nearly free electron-like: their
dispersion is parabolic near the I" point, and their overall bandwidth is
comparable to the free electron value (~1 5.5 eV). We find the same features
and confirm their observation that the bandwidth (~15 eV) increases as

pressure increases in line with that expected for free electrons.

A redistribution of carriers between ¢ and & bands occurs with the increase
of pressure, and the number of holes in the o band decreases, i.e., the top of
the band moves down towards E: and below. The strongly electron-phonon

coupling results in splitting the o band into two sub-bands [26]. With
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applicatio -
hp | n of pressure of 38 GPa the lower sub-band crosses Eg, thereby
changing th '
‘ g lg ¢ Fermi surface topology. Tissen et al. [12] assumed that the
e
rmi level crosses the van Hove singularity in the DOS at P ~ 9 GPa,

thereby causi '
y ing the anomaly in T(P) due to the electronic transition.
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directions and with a wider energy range.

66



(,'ﬁalrlgr' d Results and discussion

(a)

0.10 :

0.00 | \ / \
ft;: .0.10 ] | \\
8
L
>
o
g -0.20) \

u" .
-0.30 | \
l_/’_\
A M K r A L
k-space
DTN (b)
0.00 | ' \
o / o E
@ .0.10) - \
]
x
D
o
g -0.20]
uJ

-0.30 |

r M K LI A L
k-space

Figure 5.9. Band structure of MgB, (a) alter
expansion (V, = 1.096, P = -24 GPa) and (b) under
pressure (V,= 0.85, P =38 GPa).

67



Chapter 5

Results and discussion

0.40 _ (a)
N
0.20 | y
[
T
g 000
: D e
3 — NS
i -O‘ZOJX\ Q
0.4 :7 \ —
-0. 0‘/
P/.‘
© M H
. kcpace
o (b)
0.40 < / \
0.20 | .
|
g 0.00 |
=4 | .
§ -0.20 ] _ \ >§
.0.40 | > /:f
/ yd
r M A H A
kspace

Figure 5.10. Band structure, of MgB3, over a wider
cnergy range and along some additional symmetry
directions; (a) after exmnsmn (V, = 1.096, P = -24
GPa) and (b) under pressure (V, =0.85,P= 38 (JPa)



Chapter 5 Results and discussion

Our calculations do not indicate this to happen at a pressure as low as ~9

GPa. The results of Deemyad et al. [15] also support our findings. They
measured the dependence of T. on nearly hydrostatic pressure for an
isotopically pure (''B) MgB, sample. The analysis of T.(P) data to 20 GPa
demonstrates that the monotonic decrease of T, with pressure arises
predominantly from the decrease in the coupling constant A due to lattice

stiffening, and not from electronic effects.

5.4 Density of States (DOS)

5.4.1 Density of States at Equilibrium and under Pressure

In figure 5.11, we have shown the total and partial electronic density of
states near the Fermi level as a function of pressure. The figure 5.12 shows
the total DOS over a wider energy range. The shape and locations of the
bands shown in figures 5.8(b) and 5.10 are reflected in the density of states.
The density of states N(Er) at equilibrium (P = 0) is 17.5 states/hartree. The
value reduces to 12.5 states/hartree at P=38 GPa. Thus the DOS decreases
by as much as 29% over this pressure increase. That the N(Er) increases as
the lattice is expanded is contrary to expectation for a nearly-free electron
metal. The result is in agreement with that of other workers [30, 31, 34].
This observation, via BCS equation, shows that T, should decrease with the
increase of pressure, a result in agreement with experiment for MgB, [12].
Neaton et al. [30] remarked that the dependence of the DOS on pressure is
almost entirely due to the changes in the width and position of a
considerable van Hove peak (~2 eV below the Fermi level). This originates
from a saddle point in the highest occupied ¢ band at the M point. Further

the decrease in bandwidth with decreasing pressure reduces the separation
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between the peak and the Fermi level, enhancing DOS. The singularity 1S

further enhanced by an increase in two-dimensionality.

5.5 Electronic Charge Density (ECD) at Different Pressures

The total charge densities of MgB. at different pressures for (110) plane are
shown in figure 5.13 while the corresponding difference (crystal minus ionic
superposition) charge density maps for the same plane are illustrated in
figure 5.14. The nature of bonding in MgB, can be understood from the
density plots of figures 5.13 and 5.14, Mg nuclei are located at the corners
of the charge density map and B nuclei are at the (1/3, 1/2) and (2/3,1/2)
positions. The density profile at zero pressure figure 5.13(a) and 5.14(a)
show similar feature to that in ref. [29]. A low electron accumulation
between Mg and B is indicated. Further the electron population in the Mg
site is much lower than that for a neutral Mg atom. These indicate an ionic
bonding between Mg and B. On the other hand, there is a strong covalent
bonding between B-B atoms. This is evident by the maximum charge
density (with a strongly aspherical character) at the bond middle. A
somewhat homogeneous charge distribution between the Mg atoms
indicates an appreciable degree of metallic bonding between them. Hence
the charge density study provides the bonding behaviour in MgB, as a
combination of covalent, ionic and metallic nature i.e. MgB, is a mixed
bonded solid. The band structure also shows features similar to sp metals.
The effect of application of pressure on charge density is evident from
figure 5.13(b, ¢) and 5.14(b, ¢). There is a moderate transfer of charge from
the region between the B ions into the adjacent interstitial region. This is
regarded as a transfer from o to m type bonds [29]. The main features at

P = 38 GPa are not too different from those at ambient pressure.
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Figure 5.11. Total and partial electronic density of
states (DOS) of MgB; as a function of pressure.
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Figure 5.12. Total and partial electronic density of
states (DOS) of MgB; as a function of pressure over a
wider energy range.
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T ———————

(b)

Figure 5.13. Total electron charge density map on the
(110) plane through Mg and B atoms at (a) equilibrium i.e.
P =0, (b) P =-24 GPa and (c) P = 38 GPa. The isodensity

curves are separated by 0.01 e/’
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Figure 5.14. Difference electron charge density map on
the (110) plane through Mg and B atoms at (a) equilibrium
= 0. (by P =-24 GPa and (c) P = 38 GPa. The

1e. P =

isodensily curves arc separated by 0.001 e/A’.
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3.6 Electric Field Gradient (EFG)

The EFG tensor was estimated directly from the SCF-DFT electron density.
The principal component of the EFG tensor at boron site and Mg site are
shown together with other available data. The calculated values of EFG at B
site agree well with the available experimental data and theoretical results

obtained using different methods [9, 10, 14, 33, 36]. The axial asymmetry

parameter, 1 = [V - V,,| /] V,,| was found to zero as expected.

Table 5.4. V! in 10°' volt/m® for MgBs5 at equilibrium.

Calculation 44 Reference
1.50 This work [19]
Theoretical 1.85 [10]
1.88 [33]
"""""""""""""""""""" s
Experimental 1.7£0.01 [36]
1.7£0.1 [14]
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The calculated values of EFG 4t B site is of the same order of magnitude as
V. at the Mg site and is of opposite sign. No conclusion can be drawn
regarding the value of V.. at the Mg site as no experimental value is
available. Figure 5.15 shows the changes of EFG in MgB; as a function of
pressure. The B EFG is nearly constant up to ~40 GPa, and that of Mg
increases rapidly (34% change over the pressure range considered) but at a
slower rate compared to that obtained in [33]. The large value of EFG at the
B site can be explained by the existence of boron 2p, hole states as was
done in ref. [33]. Since the EFG is a sensitive characteristic of the electronic
charge distribution, we conclude that there are no large changes in the
partial charges of the B 2p states and boron electronic structure under

pressure. This confirms the observation made by Medvedeva et al. [33] but

disagrees with that of Vogt et al. [11].
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CHAPTER 6

CONCLUSION

In the present investigations, we have performed detailed ab initio Hartree-
Fock and density functional studies for the ground state properties of MgBs,

a new superconductor discovered in January 2001.

MgB; has been found to be less compressible in the basal plane. The
interlayer cofnpressibility of MgB; at equilibrium is ~1.4 times larger than
the in-plane value indicating the anisotropic nature of the crystal structure. It
is worth noting that the structurally related alkali-metal intercalated graphite
is strongly anisotropic [74] with interlayer compressibility about ten times
larger than the corresponding value in MgB,. The volume coefficient of the
transition temperature T. is an important parameter that implies the
sensitivity of superconducting properties to the interatomic distances. Its

value for MgB, is found to be significantly larger than those found in

fulleride superconductors.

The analysis of the calculated zero pressure bulk modulus and pressure
derivative of bulk modulus reveal the diversity in bonding interactions. The
present study also suggests that the interaction between B planes has also a
significant contribution to the superconducting behaviour of MgB,. The
1ﬁarkedly anisotropic compression behaviour of MgB, may induce different
pressure effects on different phonon modes and is also more likely to

influence the electronic structure at the Fermi energy than when

compression 18 isotropic because B-B and Mg-B distances change at
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different rat i
es. In other words the pressure can influence the electronic band

in different directiop of the BZ in an unusuall

the physical properties.

y different manner and hence

The band, DOS and charge density have been studied at equilibrium and

under a pressure of ~ ~14 GPa 1o ~ 40 GPa. A fortunate combination of
strong bonding, dominant phonon frequency and reasonable density of state
at the Fermi level is now believed to lead to the observed T, of MgB,. Our
calculated band structure shows that the superconductivity in MgB; is
related to and dominated by the existence of boron & pxy-band holes at the
[-point, with negligible contribution from the Mg ions. We identified two
degenerate flat bands near Fermi energy, Er in the I'-A direction of the
Brillouin zone. From the band structure scenario it can be inferred that the
degenerate B p,, bands would be the key factor in the realization of the high
temperature superconductivity of MgB,. The character of the ¢ band is
unchanged even after application of pressure, although there is a shift of
position and an increase of dispersion. The calculated density of states
decreases with pressure, which in conjunction with the Bardeen-Cooper-
Schrieffer (BCS) theory, agrees with the trend of the experimental T, versus
pressure data. The broad bump in T¢(P) data observed by Tissen et al. [12]

near 9 GPa is not indicated in the present band structure study.

The analysis of the total and difference charge density establishes a mixed
bonding behaviour of MgBa. These indicate an ionic bonding between Mg
and B. On the other hand there is a strong covalent bonding between B-B

atoms. This is evident by the maximum charge density (with a strongly

aspherical character) at the bond middle. The more or less homogeneous

charge distribution between the Mg atoms indicates an appreciable degree
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of metallic bonding between them. The role of Mg in MgB, is to donate
electrons to B atoms and hence to shift E; such that it lies very closer to the
flat band, the feature that we believe very important for superconductivity.
The observed bonding anisotropy and moderately anisotropic elastic
propeities carry important information that would be valuable in testing the

predictions of competing models for the mechanism of superconductivity.

Finally, we feel the necessity for more theoretical and experimental
investigations on MgB, superconductor and similar other binary compounds

using latest available techniques in order to obtain more precise results and

other unrevealed properties.
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Abstract :

We report here ab initio density functional theory study of the electronic band
structure and electric field gradient (EFG) in MgB; under pressure. The band
structure calculations are in agreement with other recent calculations. The
superconductivity in MgB, is related to and dominated by the existence of
boron ¢ p;,y-band holes at the I" point, with negligible contribution from the
Mg ions. The character of the o band is unchanged even after application of
pressure, although there is a shift of position and an increase of dispersion.
The calculated density of states decreases with pressure which, in conjunction
with the Bardeen—Cooper—Schrieffer theory, agrees with the trend of the
experimental T, versus pressure data. The broad bump in T.( P) data observed
by Tissen et al near 9 GPa is not indicated in the present band structure study.
The EFG at the B site is nearly constant as a function of pressure and that of
Mg changes by ~34% over the pressure range considered. The present result
indicates that the B electronic system does not change much under pressure up
to ~38 GPa, which confirms one reported study but disagrees with the other.

1. Introduction

Recent discovery of superconductivity in the non-cuprate intermetallic MgB, at 39 K {1] has
aroused much interest in the scientific community. A variety of experimental [2-13] and
theoretical [14-30] research has been carried out to find out its structural, elastic, electro-nic
and other properties. A few of these works involve both theoretical and experimental studies.
Some discussions of electronic band structure have already been made in a number of these
works that reveal that there are two distinct types of band contributed by boron. Among these
the two-dimensional holelike B ¢ bands arise from intraplanar p, ,-like orbitals and give a
flat DOS with a prominent van Hove spike. A weaker three-dimensional p,-like band also
contributes to the DOS. o .
High-pressure studies show that the transition temperature T, decreases with increasing
pressure [4, 5, 10,28]. Compression decreases both lattice constants a and ¢. This would
indicate a possible way of searching for higher T, material. The lattice parameters are expected

0953-8984/01/501 1661+07$30.00 © 2001 IOP Publishing Ltd  Printed in the UK 11661
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to have consnderal?le effect on the B & band. The study of Wan et al [25] has indicated that
inereasing the latuce. constant along the ¢ axis would increase the density of states (DOS) at
the Ferrrp level. This causes ap upward shift of the ¢ band and thereby increases the hole
number in the band, which leads to an increase of T.. This can be done by making MgB2 have
a larger c axis and shorter ¢ (or b) axis by doping'.

T‘he PCCUllarl.tleS of electronic structure and chemical bonding are connected with the
electric field grac{nent (EFG). This is directly related to the quadrupole charge distribution of
Fhe electron density around the probe nucieus. The measured quadrupole interaction can be
fnterpreted on t!le basis of EFG [27]. Thus theoretical study of EFG of MgB; constitutes an
m_lponant exercise that can lead to reljable interpretation of the observed data and to relate this
with the specific features of the electronic structure and bonding. .

Very recently Tissen et al [10] observed an interesting feature in the pressure dependence
of T;. They reported a broad bump near 9 GPa, which they speculated to arise from a pressure-
induced electronic Lifshitz transition. These authors also indicated that existing band structure
calculations of MgB, lend some support for such an explanation. On the other hand Deemyad
etal [13] reported amonotonic decrease of T, with pressure right up to 20 GPa. Further there are
two conflicting points of view regarding the change of B Px,y Occupancy under pressure. Vogt
et al [9] conclude that B Px,y OCcupancy is altered by pressure, in contrast to the B p, states. On
the other hand Medvedeva et al [27] disagree with this conclusion. They found small changes
in the dispersion and location of the B Px,y bands of MgB, under pressure. They conclude that
no large changes take place under pressure in (i) the partial B p occupations, (ii) boron EFG
and hence (iii) boron electronic structure. A further investigation on the observation made by
Tissen et al [10] and also the important question with opposing viewpoints by Vogt ef al [9]
and Medvedeva et al [27], respectively, is desirable. Although theoretical investigations of the
band structure of MgB; have been carried out by several authors [15,17,19,21,25,26,29] only
two groups [8, 27] reported results on both the electron band structure and EFG. Neither of
these two papers, however, discussed both the above-mentioned issues together. Medvedeva
et al [27] used the full-potential linear muffin-tin orbital generalized gradient approximation
(FLMTO-GGA) only to study band structure and EFG but they did not discuss the bump
structure in T.(P). It would thus be interesting to utilize a different ab initio approach to

examine and shed further light on the issues in question.

2. Method of calculations

We use the self-consistent-field Hartree—Fock linear combination of atomic orbital (SCF-HF-
LCAOQ) computer program CRYSTAL98 [31}. A posteriori density functional (DFT) correla-
tions to the HF results for the total energy are included, with the correlation and exchange func-
tions proposed by Perdew and Zunger [32] and Becke [33], respectively. The basis sets used are
6-21G* and 8-61G for B and Mg, respectively. The exponents of the most diffuse spand d shells
for each atom have been optimized by searching for the minimum crystalline energy. The qual-
ity of the calculation depends on the density of points with which the Brillouin zone (BZ) is sam-
pled. The integrations over the BZ were performed using the Monkhorst—Pack scheme !3.4]. To
ensure convergence for the BZ integration with accuracy very tight tolerances were utilized in
the evaluation of the infinite Coulomb and exchange series. A dense Gilat net [35] was defined
with a total of 793 k-points in the reciprocal space, corresponding to a sh-rinkage factor of 24.

The total energy E of MgB3 has been calculated at different primitive cell volume (V).
The energy was minimized as a function of ¢/a ratio for selected value§ of volumg. The
zero pressure bulk modulus By and its pressure derivative B;, were determined by ﬁttmg the
Murnaghan equation of state as detailed elsewhere [22]. The pressure was then obtained from
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Figure 1. Band strucutre of MgB; (a) after expansion (V, = 1.096, P = —24 GPa); (b) at
equilibrium (P = 0); (c) under pressure (V, = 0.85, P = 38 GPa) and (d) at equilibrium but over
a wider energy range and along additional symmetry directions.

the normalized primitive-cell volume, V, (= V/ Vg, V; being the equilibrium volume) through
the thermodynamic relationship P = Bo(V,"% — 1)/B,.

The EFG tensor was calculated directly from the SCF-HF-DFT electron density. The
coordinate axes are chosen in such a manner that V,, is the EFG component along the
crystallographic ¢ axis. Then the tensor is completely characterized by two parameters: the
largest component V,, and the axial asymmetry parameter 5 defined by n = [V, — V), |/| V..

3. Result and discussion

We first performed detailed SCF-HF-LCAOQ (DFT) calculations for MgB; in its ground state,
varying ¢ and a, thus determining the equilibrium volume. It was necessary to perform
20 independent calculations over a range of volumes and c/a ratio. The optimized lattice
parameters-of MgB, are as follows: a = 3.0889 A, ¢ = 3.5337 A. These values are in very
good agreement with the measured values: a = 3.084 A and ¢ = 3.523 A [1,21]. The
calculated bulk modulus and elastic constants are reported elsewhere [22,24]. To examine the
effects of volume (and hence pressure) on the electronic band structure near the Fermi level
(Er) we chose the maximum change in V, in such a way that pressure P lies in the range —25
to 40 GPa. At each volume within the range the structural parameters have been optimized and
the energy bands and density of states calculated. The full BZ is spanned in such a way that I.‘—
M-K-T"—A-L~H-A directions are covered. The '~-M~K-T lines are in the basal plane, while
A-L-H-A lines are on the top of the plane at kz. The band structure at the equilibrium volume
(P = 0)is shown in figure 1(b). Figure 1(d) shows the result for the band structure calculation
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Figure 2. Total and partial electronic density of staies (DOS) of MgB5 as a function of pressure.
The inset shows the toal DOS over a wider energy range.

but with a wider energy range and along additional symmetry directions, e.g., L-H-A. There
are two distinct types of band, both of which are contributed by boron. The upper part of the
valence band is composed of B 2p states which form two sets of bands with ¢(2p, ) and 7 (p,)
character. The general features of the bands obtained in this paper are in very good agreement
with results from other studies [14, 15,17,21,29]. The o(2p,,,) band along I'-A is doubly
degenerate, quasi-two-dimensional and makes a considerable contribution to the DOS at Ef
for MgB,. The existence of degenerate p;, , states above E at the I" point in the BZ has been
shown to be crucial for superconductivity in MgB, {14]. The weaker pps-interactions result
from B 2p, bands. These 3D-like bands possess maximum dispersion along the I'~A direction.

The band structure away from equilibrium is shown in figures 1(a) and (c). The character
of the o band is unchanged even after application of pressure, because the symmetry is not
broken. The weak dispersion of the o band along I'-A reflects the particular quasi-two-
dimensionality. The dispersion increases slightly with increase of pressure. The o band
crosses the Fermi surface at the I" point at a pressure of ~38 GPa (V,, = 0.85). When the ¢
band is below the Fermi surface, the ¢ bonding state is completely filled. Thus compression
decreases the holes in the o band. Neaton and Perali [21] observed that the o bands of MgB,
are nearly free-electron-like: their dispersion is parabolic near the I' point, and their overall
bandwidth is comparable to the free electron value (~15.5 eV). We find the same features and
confirm their observation that the bandwidth (~15 eV) increases as pressure increases in line
with that expected for free electrons.

In figure 2 we show the total and partial electronic density of states near the Fermi level
as a function of pressure. The inset shows the total DOS over a wider energy range. The
shape and locations of the bands shown in figure 1 are reflected in the density of states. The
density of states N(EF) at equilibrium (P = 0) is 17.5 states/hartree. The value reduces
to 12.5 states/hartree at P = 38 GPa. Thus the DOS decreases by as much as 29% over
this pressure increase. That the N(EF) increases as the lattice is expanded is contrary to
expectation for a nearly-free-electron metal. The result is in agreement with that of other
workers [20,21,25]. This observation, via the BCS-equation, shows that T, should decrease
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Table 1. V.7 in 102! V m~2 for MgB, at equitibrium.

Ref. = vp
Theory

This 1.50

[8] 1.85

[27] 1.88

Expt

i7] 1.68

(11] 1.7 4+ 0.01
112] L7£0.1

@)

Figure 3. Total electron charge density map on the (110) plane through Mg and B atoms at
(@) P = —24 GPa, (b) P = 0and (¢) P = 38 GPa. Isodensity curves are separated by 0.01 A3,

with the increase of pressure, a result in agreement with experiment for MgB, [10]. Neaton
and Perali [21] remarked that the dependence of the DOS on pressure is almost entirely due
to the changes in the width and position of a considerable van Hove peak (~2 eV below the
Fermi level). This originates from a saddle point in the highest occupied o band at the M point.
Further the decrease in bandwidth with decreasing pressure reduces the separation between
the peak and the Fermi level, enhancing the DOS.-The singularity is further ‘enhanced by an
increase in two-dimensionality.

A redistribution of carriers between o and m bands occurs with the increase of pressure,
and the number of holes in the o band decreases, i.e., the top of the band moves down towards
Er and below. The strong electron—phonon coupling results in splitting the ¢ band into
two sub-bands [17]. With application of pressure of 38 GPa the lower sub-band crosses Er,
thereby changing the Fermi surface topology. Tissen et al {10] assumed that the Fermi level
crosses the van Hove singularity in the DOS at P ~ 9 GPa, thereby causing the anomaly
in T.(P) due to the electronic transition. Our calculations do not indicate this to happen at
a pressure as low as ~9 GPa. The results of Deemyad et al [13] also support our findings.
They measured the dependence of T, on nearly hydrostatic pressure for an isotopically pure
(''B) MgB, sample. The analysis of 7.(P) data to 20 GPa demonstrates that the monotonic
decrease of T, with pressure arises predominantly from the decrease in the coupling constant
A due to lattice stiffening, and not from electronic effects.
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Figure 4. Percentage change of the valucs of EFG at B and Mg sites as a function of pressure.

The total charge densities of MgB; at different pressures for the (110) plane are shown
in figure 3. Mg nuclei are located at the corners of the charge density map and B nuclei are
at the (1/3, 1/2) and (2/3, 1/2) positions. The density profile at zero pressure (figure 3(b))
shows similar features to that in [20]. A low electron accumulation between Mg and B is
indicated. Further the electron population in the Mg site is much lower than that for a neutral
Mg atom. These indicate an ionic bonding between Mg and B. On the other hand there is
a strong covalent bonding between B-B atoms. This is evident from the maximum charge
density (with a strongly aspherical character) at the bond middle. A somewhat homogeneous
charge distribution between the Mg atoms indicates an appreciable degree of metallic bonding
between them. MgB, is a mixed bonded solid and the band structure shows features similar to
sp metals. The effect of application of pressure on charge density is evident from figure 3(c).
There is a moderate transfer of charge from the region between the B ions into the adjacent
interstitial region. This is regarded as a transfer from ¢ to m type bonds [20]. The main
features at P = 38 GPa are not too different from those at ambient pressure.

The EFG tensor was estimated directly from the SCF-DFT electron density. The principal
component of the EFG tensor at the boron site and the Mg site are shown in table 1 together with
other available data. The calculated values of EFG at the B site agree well with the available
experimental data and theoretical results obtained using different methods [7, 8, 11, 12, 27].
The axial asymmetry parameter  was found to be zero as expected.

The calculated value of EFG at the B site is of the same order of magnitude as V,, at
the Mg site and is of opposite sign. No conclusion can be drawn regarding the value of V,,
at the Mg site as no experimental value is available. Figure 4 shows the changes of EFG in
MgB, as a function of pressure. The B EFG is nearly constant up to ~40 GPa, and that of
Mg increases rapidly (34% change over the pressure range considered) but at a slower rate
compared to that obtained in [27]. The large value of EFG at the B site can be explained by the
existence of boron 2p; , hole states as done in [27]. Since the EFG is a sensitive characteristic
of the electronic charge distribution, we conclude that there are no large changes in the partial
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charges f’f the B 2p states and boron electronic structure under pressure. This confirms the
observation made by Medvedeva ef al [27] but disagrees with that of Vogt ef al [9].
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Abstract

The five different elastic constants of the new superconducting MgB, are calculated by ab initio method using a
density functional theory Hamiltonian with both correlation and exchange potentials. The results are compared with
those {rom a recent FPLMTO calculation. The fully relaxed and isotropic bulk moduli were also estimated and the
implication of their comparison is made, e.g., MgB,; is less anisotropic than one would otherwise suppose on the basis of
its ‘planar’ crystal structure. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 74; 62.20.D
Keywords: Ab initio method; Elastic constants; MgB;

The recent discovery of superconductivity at a
high T, ~ 40.K in the simple intermetallic magne-
sium diboride [1] has triggered a flurry of research
activities to study its structural, electronic and
other properties [2]. MgB, has a very simple
crystal structure where the boron atoms form
graphite-like sheets separated by hexagonal layers
of Mg atoms. It has AIB; structure with a space
group P6/mmm and lattice parameters a = 3.084
A and ¢ =3.522 A [3].

There are five independent components of the
elasticity tensor for MgB,, instead of three as in
the cubic case. The elastic constants are defined by
means ¢! a Taylor expansion of the total energy of
the system E(¥, ), with respect to a small strain §

" Corresponding author. Fux: +880-721-750064.
E-mail  address: azharislamd6@yahoo.com (A.K.M.A,
Islam).

of the [attice of volume V. The Bravais lattice
spanned by three vectors are written in a form

R=1(/3/2-1/20;010;00c/a). We can express

the energy of a strained system [4]:

1
E(V,8) = E(¥,0) + F ,an,.(s.- +3 'ch,-,-a,-:ja,-

(1)

where E(F;,0) is the energy of the unstrained sys-
tem with volume 7p. t; is an element in the stress
tensor, & is a factor to take care of Voigt index [4].

In this work we use a self-consistent-field Har-
tree-Fock linear combination of the atomic orbital
computer program CRYSTAL98 [5,6] with the
density functional theory (DFT) option. The DFT
Hamiltonian was used where the electronic corre-
lation and exchange potentials are chosen as-
cording to functionals proposed in the literature
[7,8]. The correlation functional PWGGA due to

0921-4534/01/% - see front matter © 2001 Elsevier Science B.V. All rights rescrved.
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Perdew and Wang [7] uses generalized-gradient
approximation. On the other hand the exchange
correction is taken care of by a method due to
Becke [8]. The basis sets used are as-described in
Ref. [9]. The integrations over the Brillouin zone
(BZ) were pertormed using the Monkhorst—Pack
scheme [10]. To ensure convergence for the BZ
integration with accuracy tight tolerances were
utilized in the evaluation of the infinite Coulomb
and exchange series. A Gilat net [11] was defined
with a total of 150 k-points in the reciprocal space,
corresponding to a shrinkage factor of 8. The total
energy I£ of MgB; has been calculated at different
primitive cell volume. The energy was minimized
as a function of the c/a ratio for selected values of
volume. Fig. | shows AE (= E — E,) as a function
of normalized volume ¥, (= ¥/K).

Now we concentrate our attention in deter-
mining the elastic constants, The lattice distortions
employed here are those given by Fast et al. [4].
The distortion and the corresponding energy are as
follows [4,12]:

(a) Distortion that changes the size of the basal

plane, keeping z-axis conslant (symmetry of the

strained lattice is still hexagonal):
I+ 0 0
D = 0 146 0 (2)
0 0 |

E(V,(S) = E(VQ,O) + V()[(T] + 13)5 + (C][ + C]z)Fsg]
(3)

T LI 1 L
12 -1
3 \
S
£ g .
HLY
&
9 a4t :
o i 1 1
0.88 092 0.96 1.00
VI'l

Fig. 1. Energy AE as a function of normalized cell volume .

(b) Distortion in which z-axis is kept constant,
x-axis increases and y-axis decreases by equal
amount (symmetry of the strained lattice is mono-
clinic):

1+6 0 0
Dg=( 0 1-6 0) 4)
o 0 1
E(V,8) = E(%,0) + W[(t) — )3 + (Cu = Ci2) &)
(5)

(c) Distortion that stretches z-axis, keeping
other axes unchanged (shear maintains hexagonal
symmetry):

' 1 0 0
Dy={0 1 0 (6)
0 0 1+4

E(V,8) = E(Vp,0) + W[(1ad +1C33)57) (7)

(d) Distortion that preserves the symmetry but
changes the volume:

1+ 0 0 :
Di=| 0 148 0 (8)
0 0 145

E(V,8) = E(Vo,0) + W|(t) + 12 + 13)5
+3(2C1 +2C12 +4C13 + C)8Y (9)

(e) Volume conserving triclinic distortion:

1 0 6 ‘.
Ds={0 1 0 (10)
5 01

E(V,8) = E(V,0) + Vo[(t50 + 2Caa) 8] (11)

With these five distinct lattice deformations, we
calculated the energy using the appropriate ex-
pression given above. The dependence of calcu-
lated strain energy, [E(V,d) —E(V,d)] on d is
shown in Fig. 2. It is instructive to discuss the
positions of boron used in the calculation particu-
larly in distortions like (b} and (d). We will il-
lustrale here the case of (b). Here the positions
of atoms (in A) for §=0.01 are: Mg(0,0,0),
B(-3.404,0,-3.305), B(-1.702,—2.889, —3.305).
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Fig. 2. Strain encrgy of MgB; as a function of the lattice dis-
tortion parameter &, for the five different sirains defined in the
text.

These may be compared with the positions be-
fore deformation: Mg(0,0,0), B(-3.305, 0, —3.305),
B(—1.685,-2.919,—3.305). This corresponds to
changes in the crystallographic cell edges and an-
gles in the range <0.05 A and £ 0.51°, respec-
tively. The case (d) is not much different from this
scenario. The coordinates of Mg and B atoms were
not optimized each time the lattice was deformed.
This should not affect the results for Cy; + C;2 and
C3, as the site syminetries and the Bravais lattice
remain unchanged in these cases. The maximum
deformation was kept under +1% of the equili-
brium lattice parameters in order to reduce the in-
fluence of the higher order terms in the expansion
of the strain energy. The deviation from zero de-
formation of the minimum in the strain energy
curve for cases (a) and (d} is due to the fact that

the algorithm used to search for the structure of
minimum energy was not exhaustively iterated.
Similar effect was observed by Perottoni et al. [13]
for TiB,, where corrections for the lattice para-
meters were less than 0.5%. Third order polynomials
were fitted to the data in Fig. 2, from which the
five elastic constants of MgB, were calculated ac-
cording to appropriate expressions given above. It
is to be noted here that the third order component
of the fit which affects the total energy by an
amount which is less than an order of magnitude
compared with the second order term. The results
of the calculations are given in Table 1 along with
those from the full potential LMTO calculations
of Ravindran et al. [12] for MgB,. Experimental
values of elastic constants are not yet available for
comparison. Thus for the purpose of comparison
the room-temperature experimental values of a

similar type material TiB; due to Spoor et al. [14]

have been shown in the table. Our values are found
to be comparable with those due to Ravindran
et al. [12]. The largest discrepancy is for Cj;. At
this point it is not possible to distinguish clearly
the advantages or disadvantages of the present
method over FPLMTO. The two methods use dif-
ferent approaches to the problems, but both of
these allow total-energy calculations to be done
for arbitrary crystal structures. The energy is
evaluated directly with inclusion of exchange and
correlation effects in both the methods. In the
FPLMTO method the effects of the exchange and
correlation are treated within the generalized-gra-
dient-corrected local density approximation using
the parameterization scheme of Perdew et al. [17].
Self-consistency was achieved in both the methods
by demanding the convergence of the total energy
to be smaller than ~10-° Hartree. Further to

Table 1
Elastic constants C;; and bulk modulus B of MgB, and TiB; (in

GPa).
Reference C|| C|1 Clj C_\} CM Biso

Present 446 68 39 284 77 163
%1 438 43 33 264 80 150
[Hp 660 48 93 432 260 244

! Experimental value for TiB,.
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improve our Fock matrix at the self-consistent-
field cycle j was made equal to F* = (1 — m)F; +
mF)_y, where m is a mixing parameter equal to 0.3
[5,6]. The present DFT technique has been shown
[9,13] to yield better estimates of energy despite
approximate treatment of correlation effects. This,
however, may not be always true for properties
that depend on energy derivatives. The tendency of
the type of calculations presented here to over-
estimate some elastic constants including C,; has
been pointed out by several authors (see Ref. [13]).
Moreover the values for the combinations Cy, +
Ci; and Cy —Cy; are found to vary depending
upon the particular functionals used for the ex-
change—correlation. Ravindran et al. [12] has not
discussed such problems while presenting their
elastic data. The relative merits of our approach
can only be assessed when the two methods are
directly compared through the estimation of seve-
ral properties involving energy derivatives. More
experience is required both in terms of explored
properties and types of component atoms consid-
ered in order to judge the relative merit and reli-
ability of one method over the other.

We calculated the isotropic bulk modulus B,
obtained under the assumption that the ¢/a ratio
remains unchanged when the lattice is subjected to
an isotropic stress, from [4]

Bio =3Cn+ Ca +2C3 + %C]J) (12)

The set of calculated elastic constants gives Bi,, =
163 GPa. This may be compared with the bulk
modulus obtained through the analysis of the data
of energy versus primitive cell volume of MgB,.
The solid curve in Fig. 1 is the resulting fit of
Murnaghan equation of state [9,15]). The fit yielded
B =163 and 167 GPa with dB/dP =4 and 3.5,
respectively. Thus the value is in very good agree-
ment with that obtained from our calculated elastic
constants. We also estimated the zero-pressure
bulk modulus B for a single crystal with hexagonal
symmetry, when there is no constraint on the c/a
dependence on lattice strain. The expression for
this is [4,16]

_ Ci(C + Cpy) — 2CF (13)
Cii+Cia—~4C13 +2Cy

Our calculated data in Table 1 yields B = 158
GPa. The isotropic bulk modulus Bj, is about
3.4% above the value obtained when there is re-
laxation of ¢/a ratio (Eq. (13)). The corresponding
value is ~2.3% for TiB, [13], indicating a simi-
lar but smaller anisotropy for this compound
TiB,. The layered cuprates show much larger
(a factor ~2) compression anisotropy [18]. Eq.
(13) cannot be used for this strong anisotropic
case due to lack of elastic constant data. We may
further compare the degree of anisotropy in the
linear compressibilities of the two diborides. The
values of the linear bulk modulus along the a-axis
and the c-axis for MgB, are 793 and 446 GPa,
respectively. We obtain these using appropriate
expressions for hexagonal crystals given in Ref.
[12]. The corresponding valdes for these linear
bulk moduli are 1031 and 675 GPa, respectively,
for TiB,. MgB, is less compressible in the basal
plane, in which the covalent B-B bonds lie. Fur-
ther the interlayer linear compressibility d In ¢/dP
is ~1.4 times larger than the in-plane value [9]:
It is to be noted that the structurally related alkali-
metal intercalated graphite is strongly aniso-
tropic with interlayer compressibility ~10 times
larger than the corresponding value in MgB;
[19].

The comparison between the isotropic and fully
relaxed bulk moduli may suggest that MgB, is less
anisotropic than one would think on the basis of
its ‘planar’ crystal structure. The same observation
was made earlier for TiB, [13], which was further
corroborated by a study of the directional depen-
dence of Young and bulk moduli. It is, therefore,
likely that in MgB,; also the interaction between B
planes are not negligible and should be taken into
account for a better understanding of the origin of
the mechanical behaviour. One should, however,
note here that TiB, is a d-band metal where the
interaction between B planes is likely through
d-bands on Ti.
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Abstract

We present ab initio calculations of a set of physical properties for the newly
discovered MgB, superconductor. The zero pressure bulk modulus, the
pressure derivative of the bulk modulus and their in- and out-of-plane linear
values are evaluated. An analysis of the calculated parameters reveals the
diversity in bonding interactions. The diboride is characterized by a moderately
sizable anisotropy of compressibilites, which is smaller than for cuprates, but
larger than for other related diborides. The anisotropic compression is expected
to induce different pressure effects on different phonon modes and also to
influence the electronic structure at the Fermi energy.

The newly discovered magnesium diboride has generated considerable interest in the scientific
community and instigated vigorous research activities in order to understand the structure,
properties and to determine the underlying mechanism of superconductivity in this material
(see[1-111). Asaresult, various theoretical ideas and experimental data are being accumulated
rapidly. The magnesium diboride possesses a hexagonal crystal structure. One thus expects
anisotropy in the physical properties of this material. Within the Bardeen—Cooper—Schrieffer
(BCS) picture, the reduction of the density of states (DOS) at the Fermi level, due to the
contraction of the B-B and Mg-B interatomic distances dominates the hardening of the B
phonon frequency that should enhance 7, as external pressure is applied [10]. An and Pickett
[11] found that the remarkable superconducting properties require a very specific microscopic
cause. The layers of Mg?* ions donate their electrons to the B layer, thus lowering the non-
bonding B m(p,) bands relative to the bonding o (sp.p,) bands compared to graphite. This
causes charge transfer from o to & bands, which creates holes at the top of the bonding o
bands and provides a high-7, superconductivity of MgB,. The o bands, due to their two
dimensionality, contribute strongly to the DOS at the Fermi level. The calculated deformation
potentials of I' point phonons identify the B band stretching modes as dominating the electron—
phonon coupling [11]. This deformation potential is the largest ever observed in a metal
superconductivity driven by the ¢ band. The idea of hole superconductivity by Hirsch [2]
suggests that a decrease in the B-B separation should increase 7,. Although Hirsch has also
focused on the hole character of the o bands, his emphasis is otherwise quite different from
that described by An and Pickett [11]. On the other hand, Baskaran [3], based on resonating
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valence bands (RVB) theory, suggests that an increase in chemical pressurc along the é-axis
should decrease 7, and ultimately take MgB; to a normal metallic state. Thus it is important
to have knowledge of the anisotropy in the mechanical behaviour of this material. Rabindran
et al '[4] nolted -lhul there are contradictory experimental results regarding the anisotropy in the
elastic properties of MgB,, ranging from isotropic, moderately isotropic to highly anisotropic.
They carried out detailed electronic structure studies on superconducting MgB; and related
compounds using a full potential linearized augmented plane wave (FPLAPW) method in a
scalar-relativistic version without spin—orbit coupling. They found large anisotropy in the
elastic properties and polarized dielectric tensor. Loa and Syassen [5], using the FPLAPW
calculation, found that MgB, is isotropic both electronically and mechanically under pressure.
Vogt ef al [6]. based on their experiment and ab initio calculations, indicated a nearly
isotropic mechanical behaviour under pressure,  On the other hand, Jorgensen ef al [7]
observed, from their neutron diffraction measurement, large anisotropy in thermal expansion
and compressibility.

We report here the results of different ab initio calculations, hitherto not used, for the
mechanical behaviour of MgB, under pressurc. We use a self-consistent-field (SCF) Hartree—
Fock linear combination of the atomic orbital computer programme CRYSTAL9S8 [12], which
contains a density functional theory (DFT) option that permits one to solve the Kohn—Sham
(KS) equation self-consistently. The basis sets used are 6-21G* and 8-61G for B and Mg,
respectively. The exponents of the most diffuse sp and d shells for each atom have been
optimized by searching for the minimum crystalline energy. The exchange correction potential
proposed by Becke [13] is expanded in an auxiliary basis set of symmetrized atom-centred
Gaussian-type functions. The quality of the calculation depends on the density of points with
which the Brillouin zone (BZ) is sampled. The integrations over the BZ were performed using
the Monkhorst—Pack scheme [ 14]. To ensure convergence for the BZ integration with accuracy,
very light tolerances were utilized in@lhe evaluation of the infinite Coulomb and exchange
series. A dense Gilat net [ 15] was defined with a total of 793 k-points in the reciprocal space,
corresponding to a shrinkage factor of 24. _

The total energy E of MgB; has been calculated at different primitive cell volumes (V).
The results are shown in figure [(a) as a function of the normalized volume V, (=V/ V,, where
Vi is the equilibrium volume). The energy was minimized as a function of the c¢/a ratio for
selected values of volume. The calculated ¢/a ratio, is plotted as a function of normalized
volume in figure 1(b). The zero pressure bulk modulus By and its pressure dependence, B}

(=dBy/d P) were determined by fitting the Murnaghan equation of state [16]:
v, | v"|—n;,
=+ Y IR (I)
By 1 =By By(By—1)
where Ep is the equilibrium cnergy. The pressure (/) versus the primitive-cell volume is
obtained through the thermodynamic relationship
dE _ By -,

d—V—E{,;IVn — 1] 2)

The resulting pressure dependence of the normalized primitive-cell volume of MgB; is
shown in figure [(c). We then utilize equation (2) and the optimized ¢/« ratio at each volume
to gel the pressure dependence of the MgB; lattice parameters which are as shown in figure 2.
The linear bulk modulus at 7 = 0 along the crystallographic axes a and ¢ (B, and B.) and
their pressure derivatives are then obtained by fitting equation (2) to points in figure 1(c). The
results obtained are shown in table 1.

The variation of the normalized lattice parameters with pressure is shown in figure 2

along with results from [17] for P = 0-12 GPa. This clearly shows the anisotropy in the

AE(V)Y= E - £y = ByWy

P =
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Figure 1. (a) MgB2 energy (AE) as a function of the normalized primitive-cell volume V,
(=V/Vy). (b) Calculated c/a ratio as a function of normalized volume. The square represents
experimental data {17]. (c) V, as a function of pressure P. The curves through the data the points
in (a) and (c) are the fits to the Murnaghan equation of state. :

Table 1. The bulk modulus, the pressure derivative of the bulk modulus and their in- and out-of-
plane linear values for MgB,.

By (GPa) B('] Bao (GPa) B",0 B.o (GPa) Béo Reference
122 34 653 15 397 5.5  This letter®
155 4.0 625 — 333 — [17]

120 3.6 410 13 292 8.5 18]

140 346 — — — —_— [19]

143 393 — — — — [5]

139; 151 — — — — —_ 6}

¥ For the entire pressure range.

bonding of MgB,. As the pressure increases from 0 to 10 GPa, the c/a ratio decreases by
0.51%. Compression along the c-axis is larger than along the a-axis, which is consistent
with the comparatively weaker Mg—B bonds that determine the c-axis length. The result
is in line with the measurements at room temperature [7], but has a larger magnitude. A
similar but smaller anisotropy has been seen for TiB, [20]. The layered cuprates show much
larger (~a factor of two) compression -anisotropy [21]. The fitted values for Bqg, B.,, Bco,
B!, clearly reveal the diversity in the bonding interactions which are present. MgB, is less
compressible in the basal plane, in which the covalent B-B bonds lie. The interlayer linear
compressibility, dinc/dP = 0.00204 GPa~' is ~1.4 times larger than the in-plane value
(dlna/dP = 0.0015 GPa~!). It is worth noting that the structurally related alkali-metal



Lot Letter to the Editor

1.06 :

_(3 = St s
«w o (o] (]
=] < 2% ] P

Normalized lattice parameter
S
o
(o2}

P (GPa)

Figure 2. Pressure dependence of the normalized tattice parameters of MgB2. The full curves
through the data points are the fits to the Murnaghan equation of state. The open circles correspond
to measured values [17] for P = 0~12 GPa. The insct shows a schematic diagram of the MgB2
structure with lattice constants a and c-.

intercalated graphite is strongly anisotropic (see [18]) with interlayer compressibility about
ten times larger than (he corresponding value in MgB,.

For solids with isotropic compression, the mode Griineisen parameter y of zone-centre
phonons is ~1. Loa and Syassen [5] assumed this to be | while estimating dIn T,./d P using
McMuillan’s formula for 7;.. In doing so they had to choose an exceptionaily small * = 0.04in
order {o reproduce the measured 7. In fact the expression ford In 7. /d P contains A (electron—
phonon coupling), the pressure dependence of the DOS dIn N(0)/dP and y = BodInw/dP.
Apart from other reasons, a smaller y would require a smaller 1*. Recently, Goncharov et al
[17] determined y to be 2.9 & 0.3. Utilizing A = 0.9 [9], dIn N(0)/dP = —0.004 GPa~!
[6], u* = 0.1, and the experimental value of d7./dP = —1.9 K GPa~! [10], we estimate
y ~ 1.88-2.35 with By = 120-150 GPa. If we ignore the pressure dependence of the DOS
then these values become 2.21 and 2.77, respectively. Thus we find y to be substantially larger
than 1, which is as expected for a phonon in a compound with covalent bonding like graphite.
For iron with partial metallic bonding y = 1.7 [22]. Thus, for MgB, we should not expect y
to be ~1 as has been assumed in [5]. It is to be noted that a larger y is usually associated with
enhanced anharmonicity of the particular normal mode of vibration, and is broadly consistent
with the theoretical prediction for the E,, in-plane B stretching mode [17].

, The volume coefficient of 7., dInT,/dV, is an important parameter which implies the

sensitivity of superconducting properties to the interatomic distances. Using our volume
compressibility (dIn V/dP), we obtaindinT./dV = 0.3 A7 for MgB,, a value comparable
to that found by Saito er al [10], but significantly larger than those found in fulleride
superconductors (~0.07 A~%).

Finally, the MgB; is characterized by a moderately large anisotropy of compressibility.
This is smaller than those of the cuprates [21] but larger than other related diborides. A
fortunate combination of strong bonding, dominant phonon frequency and reasonable DOS at
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the Fermi level is now believed [6, 8] to lead to the observed T, of MgB,. It is in this respect
thi.ll the pressure effect on phonon modes is relevant in this particular diboride. The markedly
anisotropic compression behaviour of MgB, may induce different pressure effects on different
phonon modes and is alsc more likely to influence the electronic structure at the Fermi energy
than when compression is isotropic because B-B and Mg—B distances change at different rates.
'In other words, the pressure can influence the electronic band in different directions of the BZ
in an unusually different manner [4] and hence the physical properties.

The authors are indebted to the Ministry of Science and Technology, Government of Bangladesh
for financial help.
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Properties of newly discovered MgB, superconductor under pressure
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Abstract

An ab initio study of the pressure dependence of various properties of the newly discovered MgB,
superconductor is presented here. The zero pressure bulk modulus, pressure derivative of bulk
modulus and their in- and out-of-plane linear values are evaluated. The diboride is found to be
characterized by moderately sizable anisotropy of compressibility, which is smaller than cuprates,
but larger than related diborides. The electronic band structure is also studied as a function of
pressure. The superconductivity in Mgh, is related to and dominated by the existence of o py,-
band holes at the /”point. The character of o band does not change even with the application of
pressure. The calculated density of states decreases with pressure. This is in agreement with the

experimental 7, versus pressure data that follows the prediction of BCS theory.
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1. Introduction

The recent discovery of the superconducting MgB, (T, ~39 K) has triggered vigorous research
activities by the scientific community to understand (he structure, electronic properties and to
determine the underlying mechanism of superconductivity in this simple compound (see, refs. [1-
14]). The material ‘possesses a hexagonal ctystal structure. One thus expects anisotropy in its
plfysical properties. Within the BCS picture, the reduction of the density of states (DOS) at the
Fermi level, due to the contraction of the B-B and Mg-B interatomic distances dominates the
hardening of B phonon frequency that should enhance T. a.s external pressure is applied [13]. The
idea of hole superconductivity by Hirsch [3] suggests that a decrease in the B-B separation should
increase 7. Although Hirsch has also focussed on the hole character of the ¢ bands, Ilis; émphasis
is otherwise quite different from that described by An and Pickett [14]. They [14] maintain that
the B o bands play important role in the superconductivity of MgB,. On the other hand Baskaran
[4]. based on RVB theory, suggests that an increase in chemical pressure along the c axis should
decrease T and uliimately takes MgB, to a normal metallic state. Thus it is important to have
knowledge of the anisotropy in the mechanical behaviour of this material. Rabindran et zl\l [5]
noted that there are contradictory experimental results regarding the anisotropy in the elastic
properties of Mg#3, ranging from isotropic moderately, isotropic to highly anisotropic. They found
large anisotropy in the elastic properties and polarized dielectric tensor. Loa and Syassen [6],
using FPLAPW calculation. found that MgB, is isotropic both electronically and mechanically
under pressure. Vogt et al [7], based on their experiment and ab initio calculations, indicated
nearly isotropic mechanical behaviour under pressure. On lile other hand Jorgensen et al [8]
observed. from their neutron diffraction measurement, large anisotropy in thermal expansion and -
compressibility. The band structure calculations of MgB, at different pressures should yield
important information on the superconductivity of this compound. The total and site projected

DOS will also reflect features of the dominating atom contributing to the DOS at Er. We report



here the results of a different ab inisio calculations, hitherto not used, for various ground state
properties including the mechanical behaviour and electronic band structure of MgB, under
pressure.

2. Calculations

We perform calculations using all-electron ab initio self-consistent (SCF) Hartree-Fock linear
combination of atomic orbital computer programme CRYSTALYS [15,16]. A posteriori density
functional (DFT) correlation to the HF results for the total energy are included, with the
correlation and exchange functions proposed by Perdew and Zunger [17] and Becke [18],
respectively. The results can be quite sensitive to the choice of basis sets. The basis sets used are
6-21G* and 8-61G for B and Mg, respectively. Other details of Brillouin zone integration and
accuracy are given elsewhere [10,12] and hence will be omitted here.

3. Results and Discussions

The ground state properties of AgB; are obtained by minimization of the total energy £ with
- respect to the unit-cell volume V. The energy was minimized as a function of the ¢/a ratio for
selected valu-es of volume. The calculated values of E and c/a ratio have been plotied as a
function of volume in Fiés.la.b. The zero pressure bulk modulus By and its pressure dependence,
By (=dBy/dP) are determined by fitting the E(V) curve by the Murnaghan equation-of-state [19].
The pressure versus volume curve of Mng‘is obtainéd as detailed in Ref. [10] and is shown in
Fig. 2. The pressure dependence of MgB, lattice parameters is shown in Fig. 3. The linear butk
modulus at P=0 along the crysiallographic axes a and ¢ (By and By) and their pressure
derivatives are then obtained from Fig. 3. The obtained reslults; are shown in Table 1, along with
some recent results.

The variation of the lattice parameters with pressure clearly shows the anisotropy in bonding of
MgB,;. Compression along the c-axis is larger than along the g-axis, consistent with the

comparatively weaker Mg-B bonds that determine the c-axis length. MgB, is characterized by



modetately large anisotropy of compressibility. This is smaller than those of cuprates [25] but
larget than other related diborides. |

Fig. 4a shows the electronic structure of MgB, at equilibrium that reveals two distinct types of
bands. both of which are contributed by boron. The upper part of the valence band is composed
of B 2p-states which form two sets of bands with o(2p.y) and m(p,) character. The general
features of the bands obtained in the present study at'fe in very good agreement with resuits from
other studies [9,14.27,28]. The of2p,,) band along.7—A is double degenerate, quasi two-
dimensional and makes a considerable contribution to DOS at E; for Mgh,. The existence of
degenerate p,(-stales above Er at the 7 point in BZ has been shown to be crucial for
superconductivity in MgB, [9]. The weaker ppn-intercﬁtions result from B 2p,-bands. These 3D-
like bands possess maximum dispersion along /=4 direction. The band structure of MgB, at
P=38 GPa (Fig. 4b) shows lhat the character of o band is unchanged even after'application of
pressure as because the symmetry is not broken. The weak dispersion of the g band along A4
reflects their particular quasi-two-dimensionality. The dispersion increases slightly with increase
of pressure. The o band crosses the Fermi surface at /"point at a pressure of ~38 GPa. When the
o band is below the Fermi surface. the o bonding state is completely filled. Thus compression
decreases the holes in o band. Neaton et al [27] observed that the o bands of MgB, are nearly
free electron-like: their dispersion is parabolic neér the 7" point, and their overall bandwidth is
comparable to the free electroh value (~15.5 eV). We find the same features and confirm their
observation that the bandwidth (~15 eV) increases as pressure increases in line with that expected

for free electrons.

Fig. 5 shows the total and partial eIeclronir; density of states near L. The density of states N(Eg)
decreases by as much as 29% for a pressure increase of 38 GPa. That N(E;) increases as the
lattice is expanded is contrary to expectation for a nearly-free electron metal. The result is in

agreement with that of other workers [6,27,29]. This observation, via BCS equation, shows that T,



should decrease with the increase of pressure, a result in agreement with experiment for Mgl
[30]. |

The total charge density of MgR, for (] 10) plane (Fig. 6a) shows a low electron accumulation
between Mg and B. Further the electron population in the Mg site is much lower than that, for
neutral Mg atom. These indicate an ionic bonding between Mg and B. On the other hand there is a
| strong covalent bonding between B-B atoms. This is ;videnl by the maximum ;:harge density
(with a strongly aspherical character) at the bond middle. The more or less homogeneous charge
distribution between the Mg atoms indicate an appreciable degree of metallic bonding between
them. The effect of compression of MgB, can clearly be seen from Fig. 6b. Finally MgB, can be
said to be mixed bonded solid and the band structure shows features similar to sp metals.
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Table 1. Bulk modulus, pressure derivative of bulk

modutus and their in-and out-of-plane linear values
for MaB,.

B() Bn' B;m Bn' Bc" Bc(,’ . Ref.

(GPa) (GPa) (GPa)

161 40 580 16 362 7.7 This'
143 39 - - - - [6)
151 - - - - - (7]
155 4.0 625 - 333 - [20)
120 3.6 410 13 292 85 [21]
140 3.5 - - - - [22)
196 10 625 - 455 - 23]

] .
" For entire pressure range.



Figure captions

Fig. 1. (a) Total energy of MgB; as a function of unit-cell volume. The inset (b) shows the ratio
¢/a versus volume,

Fig. 2. Pressure versus unit-cell volume of MgB,.
Fig. 3. Latlice paramelers as a function of pressure of MgB-.
Fig. 4. Electronic band structure of MgB; at (a) =0 and (b) P=38 GPa.

Fig. 5. Total and partial electronic density of states of MgB, at (a) equilibrium (/=0) and at (b)
P=38 GPa.

Fig. 6. Total electron density map on the (110) plane through Mg and B atoms at (a) equilibrium
(P=0) and (b) =38 GPa. Isodensity curves are separated by 0.01 e/A’.
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