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[ Abstract )

A large unit cell (LUC) formalism of eight atoms within intermediate
neglect of differential overlap (INDO) is used to study some properties of grey
tin crystal and to investigate the effect of pressure and temperature on these
properties. Correlation corrections are added to this model and taking the spin-
orbit splitting into consideration. Cohesive energy, direct band gap, valance
band width, conduction band width and hybridized orbitals of the crystal are
obtained from the band structure calculations. Bulk modulus, valance charge
distribution and x-ray scattering factors are also calculated. All the
aforementioned properties are obtained by selecting empirical parameter sets for
(LUC-INDO) model. It is found that the equilibrium lattice constant, cohesive
energy, x-ray scattering factors are in good agreement with the experimental
results. The direct band gap and bulk modulus are greater than the experimental
values.

The effect of compressive stress on the aforementioned properties is
investigated . It is found that the direct band gap, valance band width and p state
occupation increase with increasing the compressive stress, whereas the
conduction band width and form factors decrease. The reverse of these
behaviours are found with the effect of tensile stress. The maximum value of
stress is taken to be YGPa, because at this value o —Sn transforms to p—Sn.

The effect of temperature on these properties is studied below Y¥.Y°C
because beyond this value o -Sn has phase transition to p—-Sn. The effect of
temperature in the present work represents the change of the properties due to
the change in the lattice constant of the crystal. It is found that the conduction
band width, s state occupation and form factors increase with increasing the
temperature, while the direct band gap and valance band width decrease.

It is concluded that the (LUC-INDO) method gives good results when
choosing optimum empirical parameter sets and it has a reliable prediction for
the effect of pressure. This model is deficient for the effect of temperature
because the adding of the vibrational contribution to free energy of the crystal is
necessary.



No.

\:

A

%

Y A

¥4

Y.

Y

¥

CONTENTS

Subjects

The Hartree Approximation .............coeevueeeiieineennneenneennns

The Hartree-Fock Approximation .................oeeeeuieneeannnn....

The Energy Expression for a Closed Shell System ..................

Hartree-Fock Equations .............ccooiiiiiiiiiiiii e,

Self-Consistent Field Theory (SCF) .......ooviiiiiiiiii .

Linear Combination of Atomic Orbitals (LCAO) ...................

Basis Sets ...o.uitiiii
Y)Y Slater-Type Orbitals (STO) ....ovvviiiiiiiiin.,
Y. Y Gaussian-Type Orbitals (GTO) ..........coeevennn.n..

Roothaan-Hall Equations ...............ccooviiiiiiiiiiiiiiine.,

Semi-empirical Methods ..o

YAY.Y  Complete Neglect of Differential Overlap (CNDO) ...

YAY.Y Intermediate Neglect of Differential Overlap (INDO) ..

Tight-Binding Method (TBM) .......ccooiiiiiie,
The Large Unit Cell-INDO Method ..............ccoeieiiiiiin...
Corrections to the Hartree-Fock Theory .............cccoeiiiiai.
Y.V Correlation COrrections ...........oovviiriiiirieinieinennnn,
Y.)e. Y Relativistic COrrections ...........ooveevieinieeiniennnnnn..
Chapter ¥ Computations and Results

The Structure of Computer Program ..............................L.

V¢

Yv

¥Aa

Y4

Y

Y

Yy

Ye

Yo

¢)

¢o

¢V

1A%

oy



No.
Y.y
Y.y

v ¢

A

Y.V

YA

Y.A

¥

¥

Y.Y

CONTENTS

Subjects

Choice of Large Unit Cell ..o
Choice of Parameters ...........c.oovviiiiiiiiiiiiiiiiii e
The Total ENergy .....ccooviniiiiiiii e,
The Cohesive Energy ........cooovviiiiiiiiiiiiiiiii e
Band Structure ..o
Valance Electronic Charge Densities .............c.coeviiiiiiiinnn.
Bulk Modulus ..o,
X-Ray Scattering Factor ............ccoviiiiiiiiiiiii e,
Determination of the Lattice Constant as a function of Pressure ..

Effect of Pressure on the Band Structure and Some Physical

Properties of the Grey Tin Crystal ...............ooooiiiiiiii..
Y.9.)Y Cohesive Energy ......ooooviiiiiiiii
YNY  Band Structure ..o
Y.W).Y Hybridization State ............coooviiiiiiiiiiiie,
Y.\).¢  Valance Electronic Charge Densities .....................
Y.V).e X-Ray Scattering Factors ..................cooeiiiian.n

Determination of the Lattice Constant as a Function of

TemMPErature ........ooviiite i e e e

Effect of Temperature on the Band Structure and Some Physical

Properties of Grey Tin Crystal ..........cccoooeiiiiiiiiiiiiiiiiiin
YAYY  Cohesive Energy .....oovvvviiiiiiiiiiiiiiiiiiien
VAYY  Band Structure .......c.ooviviiiiiiiiiiiiieiee e,

Pages
ot
00
o1
oA
04
Y
¢
"

v

\A
A
A€
AY

A4

q)

q)

Y



No.

§ )

&y

¢y

CONTENTS

Subjects
YAY.Y  Hybridization State ............cocoiviiiiiiiiiie.
YAY.Y  Hybridization State ............ccooviiiiiiiiiiieen.
Y.\Y.¢  Valence Electronic Charge Densities ...................
Y.\Y.o X-Ray Scattering Factors ..................ccoeeiiinnnn.
Chapter ¢ Discussion, Conclusions and Suggestions
Discussion of the Results ...
¢€Y.)  The Empirical Parameters ...............ccceeiivinan..
€)Y  TheTotal Energy ......ccooovvviiniiiiiiiiiiiiieen,
£€).Y  The Cohesive Energy ..........coovvvviiiiiiiiiniininn,
¢€V.¢ TheDirectBand Gap .........cccoovviiiniiiiiiiiiiann..n
¢€).2  The Valence and Conduction Band Width ..............
£€).7  Hybrid Crystal Orbitals ...............cooiiiiiiiiin..
€YY  TheBulkModulus ............ooeiviiiiiiii,
¢.Y.A  Valence Charge Distribution .............................
£€.).9  X-Ray Scattering Factors ..................cooiviiin..
CONCIUSIONS ...t
SUGEESTIONS ..\ttt
REfEreNCES ..ot
Appendix A: The Overlap Integrals and Slater Integrals ..........
Appendix B: Two-Center and One-Center Coulomb Integrals in

INDO Approximation ...............ccoeevivinnnnn...

Pages
qy
qy
v

19

\RK
YYY

Y14

YYY



CONTENTS

Vi



LIST OF TABLES

No. The Title Pages

Y.Y  Calculated atomic form factors of (a—Sn) crystal in 1y
comparison with experiments and previous HF calculations

YA Effect of compressive stress on the hybridization state AY
v.A Effect of tensile stress on the hybridization state AY
Y.V . Effect of compressive stress on the form factors of (a.—Sn) AA
Y.YY  Effect of tensile stress on the form factors of (o.—Sn) AA
Y.\Y  Effect of temperature on the hybridization state v
Y'Y  Effect of temperature on x-ray scattering factors Yoo

Xl



Table (¥.VY¥): Effect of temperature on x-ray scattering factors

Reflection
(hkl)

X-ray scattering factors

Temperature (K)

AR

\D~

YA

(YY)

$¢ VY

$¢ ¢VA

$¢ EAS

(Y7+)

YAl

YT A

Y411

(YY)

YV iV,

YV VA

YV EAA

()

Yo £

Yo £

Yo £V

(Y¥Y)

S

F¥ VA

YY..a.

(YY)

Yoava

Y. A4

V~.V~Y‘

M)

Yo XA

Y. ray

v~'2~0

(YYY)

¥4.¢7y

Ya.eva

Y4.£9.




APPENDIX A. THE OVERLAP INTEGRALS AND SLATER INTEGRALS

l,-m lp—m
T(,v)=D(l,,I,,m) > >'C, 1.Cp o (W2 =)™ x (1 v?)" "
(1+ MV)U (]_— M\/)V (u + V)—m—u (M _ V)_m_v
Where
D(..1,, m) =((m +1)!j2(2|a +1 (I, —m)!j%
8 2 (I, +m)!
% (A7)
< 2|b—|—1 (lb_m)! 2
( 2 1, + m)J

All the two center integrals reduced to expressions involving one
or more basic two-center integrals are known as the reduced overlap

integral which is given as

s(Nyola MmN by o) = [ [+ V)™ (u =)™

x exp[— % (o + B — % (o — B)v] T (1, v)dudv

(A.Y)

Where n, and n, are the principal quantum number for a and b
respectively. Substituting Eg. (A.°) into Eq. (A.Y)and using the formula
that given for I, . I, and m.

l,—m I,—m

S 5 C G (12 ~1)"(1—v?)™ (L )" (L )’
- 5 . (AN
X(uAV)= T (=) =YY

i,j=0

Where A is a function of n, , n,, I, , I, and m. C,.,, is defined in the

section (Y.)+).

The reduced overlap integral can be written as

VY.
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S(nailasm!nb!lb’a’B) = D(Iailb’m)ZYiiji [%(G+B)]Bj x

(A.9)
[ (e —B)]
Where A; and B; are the auxiliary functions which are givens as,
i+1 il
A (p) = jx exp (—px) dx =exp (— p)zp i—pann | AN
j+1 jl
B.(p) = | X dx =—
()= j exp (—px) dx =—exp (- p>z PG,
j+1 ( 1)I- Hj )
—exp (— P)Z “(J—M+1)'

Eqg. (A.?) is programmed in this form as a subroutine used in this work.

Now, the overlap integral can be evaluated as,
= [ @ds (ANY)
Where Q,, is a product of any two Slater functions, ¢, and ¢, ,

Qab = ¢a¢b (A- | Y“)

with ¢, on atom A and ¢, on atom B.

The overlap integrals have the condition that

. 0 (I)a '_'t(l)b
Sab‘{l ¢a=¢b} A1)

This condition for the case in which ¢, (1) and ¢, (1) are both on

the same center, A = B.

\RR



APPENDIX A. THE OVERLAP INTEGRALS AND SLATER INTEGRALS

To calculate the overlap integral for two-center case, using the

Slater functions of ¢, and ¢, and transforming these functions to prolate

spheroidal coordinates, the overlap integral becomes in final form

n,+ny+1
S,,(n,,L,,mn, 1l ,aB)=N_N, X(Ej s(n,,l,,m,n_,l,,o,B) (A)°)

Where

(g )" (g™
~ [een)r@n)? A

a b

The overlap integral is programmed in this form, using the
subroutine for the reduced overlap integral. On the other hand, the two
electron integrals for the s and p orbitals can be calculated by using Slater
integrals. The only non vanishing integrals are related to F°, G' and F'

mentioned in Eq. (Y.4Y-Y.)+)). These integrals have the following forms

Fo = [ [RIMRI(HR, ()R, (r,)(2/ 1. )r’rZdrdr, (AY)
00
G' = [ [RIMDRL (LR, (DR () @r. /r2)ridrdr,  (A)A)
00

F2 = f j R, (MR, (LR, (MR, () @r2 /e2)r?rzdrdr,  (A)9)
00

Where Rs and Ry are the radial part of the s and py orbitals
respectively. r. and r. are the smallest and largest values of ry and ry
respectively. (ry and ry are defined in the equation of the two electron

integral).

YYY



APPENDIX B. TWO-CENTER AND ONE-CENTER COULOMB
INTEGRALS IN INDO APPROXIMATION

y(”a’”b’@a’@b’o)_ (zna)! (Zga)Zna

_ (B.9)
_Zzn": 1(26,)*™ *[2(n, +n,) -1 —1]!
-1 (2nb —I)!2nb[2(ga +Cb)2(na+nb)fl

B (zca)z”a“[ (2n, —1)!

This integral is also programmed in the present work. The full
discussion of the calculation of the two and one center integrals are found

in reference [Y].
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CHAPTER . INTRODUCTION

). 1 Preface

Semiconductors are widely used and have important applications in
industry and technology specially in instruction of the electronic devices,
thus there are many studies of the electronic structure and physical
properties of the semiconductors. The semiconductors have different uses
according to the difference of their physical properties. The
semiconducting grey tin, that is one of the phases of tin, has important
uses due to its specific characteristics. So, many workers have studied
the energy bands and physical properties of this element, as well as the
variation of these properties under the external effects such as pressure.
Some of these studies are of theoretical styles based on quantum
mechanics. The origin of quantum mechanics is based on the Bohr's
(Y4YY) and deBroglie's (Y 4Y¢) assumptions [Y]. The first assumption is
that electrons move in fixed orbits around the nucleus. This leads to the
idea that the angular momentum of electrons in atoms is quantized rather
than continuous. DeBroglie has observed that classical mechanics does
not describe the behavior of electrons, and he has introduced the
principle of wave-particle duality. Schrédinger (Y4Y1) has derived the
familiar equation (Schrddinger equation) which depends on these
assumptions. The Schrodinger equation is generalized for any system,
and solving it gives the total energy of the system, and some physical
properties can be obtained. On the other hand, the exact solution of
Schrodinger equation for a complicated system, which consists of many
electrons atoms, is impossible because of a huge number of mathematical
processes. For solving such equations, many approximations in the theory
are needed, and the use of the computer programming is necessary. The
purpose of the large number of approximations in the theory is to

maintain the ability of computers for solving such equations [Y]. In the
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present work, a theoretical model, which is called the large unit cell-
intermediate neglected of differential overlap (LUC-INDO) method, is
used to calculate some properties of grey tin crystal, and to study the

effect of pressure and temperature on these properties.
1. ¥ Crystal Binding

The force that holds crystal together is the attractive electrostatic
interaction between the negative charges and the positive charges of
solid [Y]. Other forces such as gravitational forces and magnetic forces
have only a weak effect on cohesion. The energy deficit of a crystal
compared with isolated atoms is known as the cohesive energy, and this
energy when added to the crystal separates its component into neutral free
atoms at rest. The different classes of solid may be associated with
different variants of the coulomb attractive forces (bonds) [£,°] and the
Van der Waals bonds which arise from the attractive interaction of the
induced dipole moments of atoms such as in benzene []. The ionic bond
Is familiar in the case of the NaCl molecule and the coulomb interaction
between oppositely charged ions leads to a regular three-dimensional
structure. The bond that connects the H-O molecules in ordinary ice is the
hydrogen bond. In this type of bonds, the hydrogen atom can involve
itself in an additional electrostatic bond with a second atom of highly
electronegative character such as oxygen or to a smaller extent with
nitrogen [¢]. The metallic bond is familiar in some metals. The
interaction of ion cores with the conduction electrons makes a large
contribution to the binding energy in metal crystals [Y]. The other form of
bonding in solid is the covalent bond and will be discussed in the next

section.
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). ¥ Covalent Bond

This is a particularly important bonding mechanism in organic
chemistry, and it is also significant in inorganic substances. The C
(diamond), Si, Ge and grey tin elements all have four valence electrons
and, therefore, a half-filled sp shell. They need four more electrons to
form the particularly stable sp octets that characterize the rare gases. The
covalent bond is usually formed from two electrons, one from each atom
participating in the bond. The electrons forming the bond tend to be
partly localized in the region between the two atoms joined by the bond.
The spins of the two electrons in the bond are antiparallel [Y]. Therefore,

each atom associates with four neighboring atoms by the covalent bond

@//Electron

Nucleus and core

as shown in Fig. (1.V) [V].

Fig. (1.Y) The covalent bond in two dimensions [V]
1. £ Grey Tin Structure

The semiconducting grey tin crystallizes in the same structure of

diamond, Si and Ge which is based on the face-centered cubic (fcc) with

the basis « -« +, %%% as in Fig. (1.Y). In this figure the atomic position in

the cubic cell of the diamond structure projects on a cube face; fractions

denote height above the base in units of a cube edge.
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The point at + and % are on the (fcc) lattice; those at % and % are

on similar lattice displaced along the body diagonal by one-fourth of its

length [Y].

Fig. (1.Y) The atomic position in grey tin structure [¥]

Thus, the conventional unit cube contains eight atoms and the grey

tin crystal is shown in Fig. (1.Y). Each atom has ¢ nearest neighbors

[£.°].

Fig. (1.Y) Crystal structure of grey tin [¥]
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1. ¢ Hybrid Orbitals of Grey Tin

Tin has the atomic number Z=¢+ and four electrons in the valence

band, and has the following configuration,
15°2s%2p°®3s%3p°4s°3d™° 4p°5s2 4d™°5p°.

We know that in grey tin crystal, each atom makes a covalent bond
with four atoms. To provide four unpaired electrons, one of the °s
electrons is promoted to the empty °p orbital [A] for giving the following

configuration,

1s°2%............ 55'5p;, 5p; 5p;

This configuration would then be expected to form three bonds at
right angles to one another and a fourth weak bond with its s orbital in
any direction. These four equivalent directed orbitals constitute a set of
hybrid orbitals and are commonly referred to as sp’ hybrids to indicate

that they are formed by the combination of one s and three p orbitals.

The general phenomenon of such a combination of pure orbitals is
termed hybridization, and the resulting orbitals are called hybrid orbitals.

We can write the four valence orbitals of grey tin as ¢(5s), #(5p,), ¢(5p,)
and ¢(5p,). These are to be combined in suitable proportions to produce

new orbitals v,,v,, v, and v, as in the following [%-)V].

vy =2 [b65) + 4650, + 60, ) + o(6p,)] ()
1
ve = [659)+ 665p.) - 95p,) - 0p.)] (1.)

w2 =2[6(65) - 0(6p,) + 60, ) - 465p,)] ()
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v =2 [6(65) - 6(5p,) - 6(5p, )+ (6p,)] ().¢)

1. " The Energy Bands and High Symmetry Points

In the case of isolated atoms, the electrons have a definite energy
levels. But in the ordinary state these atoms are found together, thus the
electron in any orbit will be affected by the neighboring atoms depending
on the distances between the electron and nuclei. So, the electrons have
energy levels slightly differ between one and another and hence the
energy levels of electrons in any orbit form an energy band. The upper
energy band is called the valance band. When the valence electron gets a
sufficient energy it can rise to the conduction band where it can move
freely, leaving behind a hole which behaves like a positive charge carrier
equal in magnitude to that of the electron as shown in Fig ().£). There is a
region of forbidden energies between these energy bands. The separation

between the conduction and valence band is called the band gap [V].

ry
Conduction
Electron band
energy| Band gap
Valence
band
.

Fig (Y.¢) Electron behaviour in semiconductors [V].

On the other hand the hybrid orbitals (v, through y,) have a
maximum charge distribution in the direction [Y))], [111], [111] and
[111] respectively. The first neighboring atoms for one atom have their
bonds in the direction [111], [111], [111] and [111]. The crystal levels

will be a linear combination of these new levels on each atom. The crystal

orbitals have a definite linear combination in terms of original s and p
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orbitals of the free atoms [)Y]. This linear combination of these atomic
orbitals (LCAO) is shown in Table (.)).

Table (1.Y): Some high symmetry I' points as a (LCAOQO). s, indicates
the s orbital on the first atom, sy indicates the s orbital on

one of the first neighboring atoms [ ¥].

High symmetry points

The point T; is the bonding state for the s wavefunctions as in
molecular physics, while T,; is the bonding state for p wavefunctions.
The point T, is the anti-bonding state for the s states, while T is the

anti-bonding state for p states [ Y]. Similar combinations for other high
symmetry points that are listed in Table (1.Y) are formed at other points
of k space. However for each ' (+,+,+) point there is three x point in the

directions (V,+,+,), (+,Y,*)and (+,+,)) of the crystal.

Table (Y.Y): Some high symmetry points in the band structure of solids

in units of (2r/a) where a is the lattice constant [\ ¢].

High symmetry points Coordinates in k space (2r/a)
I (SN
X (V,+,*)
L WUARIARIAS!
K (Y/£,¥/¢,4)
A O/Y,,e)
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W (/7
> (\/Y’\/Y’~)

The X points that are in the valence band are similar to the I; and
I, points, these points are labeled X, and X:,. The X points that are in
the conduction band and are similar to the T, and I, points, are labeled
Xyc and X [VY]. Fig. (}.®) shows the high symmetry points of grey tin
listed in Table ().Y). The band structure of (a.—Sn) which contains these

high symmetry points can be shown from Akdim et al. work [Y1].They
used the linearized augmented plane-wave (LAPW) calculations and
tight-binding (TB) method.

0.6

04 r

0.2 A

£ (Ry)

Fig.().®) Band structure of grey tin at the experimental lattice
constant, (—),first principles LAPW calculations; (----), TB results.
In both calculations they set the Fermi level to zero. The energies are

in rydberg (YRYy is the binding energy of an electron in a hydrogen
atomand isequal to YY.n+1 eV) [V1].
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1. YTin Phases

Tin has two allotropic forms, white (8) or ordinary tin, and grey
(a) tin, which have been discussed in the previous sections. The B-Sn
phase is a tetragonal with two atoms per unit cell [Y7] as shown in Fig.
(Y.Y) ['V]. Grey tin is greyish powder with lower density than white tin
and is formed by cooling of high purity white tin at temperature below

(V¥.Y)°C [YA-Y +]. Some properties of tin are listed in Table ().Y).

Fig (1.1) The p-Sn structure with lattice constants a and c [ V].

Table (1.¥): Some properties of tin [YA]

Property

Atomic no

Valence

Melting point Y¥y.4°C

Boiling point Y1.Y°C

o vy

Density : (g/cm")
VoYY

® Grey tin
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b \White tin

1. A Phase Transitions in Tin

The (a<>p) transition can be experimentally observed when the

temperature is raised above YY.Y°C or (~286K) [Y)]. Also, this

transition occurs at ' GPa [Y1]. On application of pressure to the [

phase, an abrupt transition to a body-centered-tetragonal (bct) phase is

observed experimentally at about 2.© GPa, and from this to a body-

centered-cubic (bcc) phase at pressure between ¢+ and ¢+ GPa [YV]. Thus

the sequence of transitions is o —Sn —p —Sn — bct — bece.

There are other phases of tin can be shown in the phase diagram of

tin (Fig. ('.v)) ['1].

0.04 T T T T T
oLy diamond ——
FVIR T pSn -
0035 i 44 feo -
.':' LY bBop e
LoE L simple cubic -——-- i
0.03 b hep -
L 0.025}
§
L o002
@ 0015 +
wi
001 +
0.005 | .
0 I L 1 1 _I‘u'/
140 160 180 200 220 240

Volume/Atom (Bohr®)

Fig (1.V) Tin phase diagram [Y1].
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). 9 Literature Survey

Y.

In Y41Y, Bassani and Liu [Y Y], studied the electronic band structure
including spin-orbit coupling for semiconducting grey tin. They
used the plane-wave method to obtain the energy eigenvalues at the
symmetry points ', X and L in the Brillouin zone and to compute
the spin- orbit splittings at these points. They found that both the
conduction band and valence band edges were at the center of the
zone. They calculated the effective masses for electrons and holes
and the effect of pressure on energy band. The properties which

were calculated had good agreement with experimental results.

. In Y3V Pollak et al. [YY], used the first principles of relativistic

orthogonalized-plane-wave calculation to determine the energy
eigenvalues of grey tin at seven key point of the reduced zone.
Optical constants and derivative optical constants were calculated
from kp parameters. Valence band mass parameters, effective
masses, and g factors at several points in the zone were calculated

and their values were in good agreement with experimental values.

In Y4V, Buchenauer et al.[Y ¢], studied the first order one-phonon
Raman spectrum of grey tin and its temperature dependence. Their
calculations included the bulk modulus and the calculated value

was in good agreement with that determined by experiments.

. In Y4y Harker and Larkins [Y°], calculated some properties of

diamond and silicon crystals using a large unit cell-complete
neglect of differential overlap (LUC-CNDO) crystal orbital
approach. They calculated lattice constant, cohesive energy, bulk
modulus, hybridization states and energy band. Some of these

properties were in good agreement with experimental values.

AR
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In YAAY, Svane [) ¢], used Hartree-Fock approximations based on
the linear muffin-tin-orbital (LMTO) method for calculating
electronic structure of diamond, Si, Ge and «.-Sn. The frozen core
approximation was used and relativistic effects were incorporated
through the scalar relativistic approximation. The calculations of
cohesive energy and electronic structure were in agreement with

the previous Hartree-Fock and experimental calculations.

. In Y4AA Van Camp et al. [Y1], calculated some ground-state and

electronic properties of the covalent semiconductors (C, Si, Ge and
a-Sn). They derived these properties from the total crystalline
energy. The calculated properties were the lattice constant, bulk
modulus, pressure coefficients of the bulk modulus, and the energy
difference between the top valence band and the lowest conduction
band. The calculated values were in agreement with experimental

values.

. In Y33y, Abdul-Sattar ['Y], used a large unit cell-intermediate

neglect of differential overlap (INDO) crystal orbital approach
(LUC-INDO) rather than (LUC-CNDO) to calculate some physical
properties of covalent elements (C, Si, Ge and «—-Sn). He added
the correlation corrections to the previous calculations made by
other investigators to simulate the crystal band structure and
physical properties of the aforementioned semiconductors. Most of
the properties which were calculated by this model were in good

agreement with experimental values.

. In Y33A Pavone et al. [YV], studied the o <> transition in tin. The

free energies of o and B phases of tin were calculated in harmonic

approximation using density functional theory and density

functional perturbation theory, within the local density

VY
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approximation. They found that the narrower the frequency range
spanned by the vibrational band in the B phase was, the larger its
entropy was made at high temperature. As a consequence, the free
energies of the phases equal each other at a temperature of YA°C,

and this was in close agreement with the transition temperature
VY.YOC.

. In Y4343, Xie et al.[YA], studied the thermodynamic properties of

diamond at high pressure (up to Y+« GPa) by using ab-initio
pseudopotential plane wave method and the density-functional
perturbation theory. They studied the effect of pressure and
temperature on lattice constant and bulk modulus. They found that
the thermal expansion coefficient decreases with the increase of

pressure, the phonon frequency at X: and L} gradually goes higher
than that of X, and L/, respectively and the unusual overbending of
the upper most phonon dispersion curves near T,, decreases with

the increase of pressure.

In Y+« Pavone [Y4], reported an overview of the basic
lattice dynamics. Starting from the classical formulation, a tutorial
description of the evalution of the lattice dynamical was reported,
paying special attention to the method based on the density
functional theory. Among these methods was the perturbative ab
initio approach. He gave some applications of this formalism to
some cases of general interest. In particular he reported on
controversy about the origin of a peak in the second order Raman
spectrum of diamond and on the temperature-induced phase

transitions in tin.

VY
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Y'Y,

VY,

In Y++), Asokamani and Rita [Y+], studied the band
structure of ABCy (A=Zn, B=Si, Ge, Sn and C=P, As) ternary
pnictides performed using the semi-relativistic "tight binding linear
muffin tin orbital" (TB-LMTO) method within local density
approximation. Energy gap at ambient pressure was found to be
direct in all the cases. They calculated the equilibrium lattice
constant, the bulk modulus from the total energy calculation. More
generalized equating cell volume V. and microhardness (H) as well
as V, and melting point 0, for pnictides were established. The
values of H and 6, for some pnictides were predicted for the first

time in cases where experimental values were not known.

In Y..Y Akdim et al. ['1], used the Naval Research
Laboratory (NRL) tight-binding (TB) method to study the bulk
properties of both o-Sn and p-Sn. The parameters were
determined by fitting data base of first-principles band structure
and total energies, using the general potential linearized augmented
plane-wave method for the fcc, bcc, sc and diamond structures,
with limited information from calculations of the p -Sn phase. They
discussed the NRL-TB method's ability to calculate electronic band
structures and density of states. They calculated the elastic
constants of o-Sn and p-Sn as well as several high-symmetry
point phonon frequencies of «-Sn, and TB molecular dynamics
calculations were used to explore the behaviour of tin at finite

temperatures.

In Y..¥, Mujica et al.[Y)], advanced the accuracy and
efficiency of first-principles electronic structure calculations which
allowed detailed studies of the energetics of materials under high

pressures. At the same time, improvements in the resolution of

A4
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power X-ray diffraction experiment and more sophisticated
methods of data analysis have revealed the existence of many new
unexpected high-pressure phases of tin. The most complete set of
theoretical and experimental data obtained to date was for the
group IVA element and group IHIA-VA and 11B-VIA compounds.

Their studies included the phase transition in tin.

V€ In Y.+¥, Olguin et al. [Y], introduced a theoretical study
for the effect of hydrostatic pressure on interatomic bond lengths
and energy band gaps of y-InSe. Total energy calculations were
performed using the linear augmented plane wave (LAPW)
method, taking into account scalar relativistic corrections as well as
spin-orbit coupling. They found that the covalent In-In bonds were
oriented to be more compressible than the partially ionic In-Se
bond. They also calculated pressure dependence of band gap. Most
of their calculations were in good agreement with the experimental

results.

1.1+ The Research Objective

Tin has many applications. For example, it is used to form many
useful alloys. Bronze is an alloy of tin and copper. Tin and lead are
alloyed to make pewter and solder. On the other hand tin becomes a
superconductor below Y.vY¥ K. In fact, tin was one of the first
superconductors to be studied. The Meissner effect which is one of the
characteristic features of superconductors, was first discovered in
superconducting tin crystals. The niobium-tin compound Nb:Sn is
commercially used as wires for superconducting magnets. Because of
these important applications of tin, especially grey tin, the study of its

electronic structure and other physical properties is necessary.

Yo
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The aim of the present work is to apply the self-consistent field
calculations represented by the large unit cell within intermediate neglect
of differential overlap (LUC-INDO) method to study the electronic
structure and some physical properties of grey tin crystal. Correlation
correction and relativistic effects can be taken into account to obtain
precise results. This method may be used to investigate the variation of
properties with pressure and with temperature. Thus, we think that
calculation of the external effects such as pressure and temperature is
necessary in industry and applications.

The (LUC-INDO) method has been chosen in the present work
rather than other methods because this method can be used to give
reliable and precise results with relatively short time. This method is used
to study the properties of grey tin in the present work below ' GPa and

temperature range below YY.Y °C because beyond these limits tin has

phase transition to (3—Sn) .

1
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2.1 The Schrddinger Equation

Based on deBroglie's wave-like description of electrons,
Schrodinger combined the quantum assumptions of Bohr with the wave
equations of classical mechanics to yield a new description of electrons.
In mechanics, the total energy of a system of particles can be described in
terms of particle momenta and coordinates. For time-independent systems

in classical motion [Y'Y-¥¢]
E = KE (Kinetic energy) + PE (potential energy) (Y.)

The kinetic energy of an electron is given by:
2 A
KE = (1/ 2)mv? = P (7.Y)
2m

Where m is the mass of electron, v is the electron's velocity, and p is the

electron's momentum.

The potential energy for an electron moving in the field of a

nucleus of charge Ze,
PE = —Ze?r™ (v.M)

where r is the distance of the electron from the nucleus and e is the unit of

electronic charge.

Thus the total energy of the electron is the sum of a kinetic energy

contribution and potential energy function,

E:p—z—Zezr’l (7.)
2m

VY
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The equation can be converted to a form suitable for use in quantum

mechanics,

B2 ) 762
{—%v - f}w(1)=Et//(l) (Y.2)

where
7 : Plank constant (h) divided by 2
WV : a wavefunction of the electron

v?: Laplacian operator (kinetic energy operator)

o>  0* o

Vie 4+ ——+
ox* oy* or°

The operator from the left-hand side of Eq. (Y.°) has a special name; it is
called the Hamiltonian operator which is symbolized by H. In condensed

form, the Schrddinger equation is written as,
Hy () = Ey (1) (2.6)

Hamiltonian operator of many electron atoms can be formulated in
similar manner. It is again the sum of the kinetic energy operators for the
nuclei and for the electrons together with the potential energy terms

representing the various coulombic interaction [Y°].
H' = Ty+ Te + Vee + Ven + Vi (Y.V)

Where Ty and T, are the kinetic energy operators for the nuclei and
electrons respectively. Ve, Vey and Vyy the potential energy between
electron-electron, electron-nucleus and nucleus-nucleus respectively.
Suppose that there are N nuclei with n electrons, the total Hamiltonian

operator will be,

YA
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HT = —liivi —livi + irp‘j —iizAr;; + iZAZBR/ZlB (Y.A)
25 M, 25 p<d A b A<B

where we have used atomic units: Z=m, = e = ). M, is the mass of

nucleus; m electronic mass; Za,Zg is the charge on nucleus A,B

respectively, ryq is the distance between particles p and d and Rag is the

distance between nuclei A and B [Y,Y1]. The general form of Schrédinger

equation will be,
H'(L Y N LY ) O, Y N LY n)=EP( Y N, Y on)  (Y.9)

where ¥ is the complete wavefunction for all particles in the molecule

and E is the total energy of the system.
2.2 The Born-Oppenheimer Approximation

Representation of the complete wavefunction as a product of an

electronic and a nuclear part gives:
P(rR) = ¥ (rR) ¥\ (R) QPR

Here r is used to denote the positions and the spins of the electrons, i.e.

(ry, Sy, Iy, Sy,Iv, Sy,....). R denotes the nuclear coordinates (R),Rsy,.....).

where the two wavefunctions may be determined separately by solving
two different Schrodinger equations [YV-Y4]. On the other hand, the
nuclei are much heavier than the electrons and the mass of the nuclei are
several thousand times larger than the masses of the electrons, so that the
nuclei move much more slowly, the Born Oppenheimer approximation
separates the nuclear kinetic energy and nuclear-nuclear repulsion terms
from H', and considers only the part of the Hamiltonian which depends
on the position but not the momenta of nuclei [£+-£Y]. the electronic

Hamiltonian operator is given as,

14
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He'=—%ivi—iiZAr;;+zznrpj (Y.1)
p A p

p<d

We can use electronic Hamiltonian to modify Schrodinger equation as,
HE (LY ) OO ) = EY(, Y n) (Y.0Y)

The solution of the above equation describes the motion of the electrons
in the field of the fixed nuclei .The total energy E of a given internuclear

distance is then given by

-1
E=¢+ ZZAZBRAB (V_\T“)
A<B
Where ¢ is the electronic energy and the second term is the electrostatic

internuclear repulsion energy [Y,¢Y].
F.¥The Variational Method

The complete treatment of quantum mechanical problem involving
electronic structure is equivalent to the complete solution of the
appropriate Schrodinger equation. A direct approach in terms of
mathematical treatment of the partial differential equation is practicable
only for one electron system, but for many electron atoms the solution
can be obtained by variational method [Y,¢¢]. This method is equivalent
to differential equations, The variational principle states that the energy
computed from the expectation value of the Hamiltonian operator will
always be larger than or equal to the true ground state energy for the
system [Y'V, ¢+ ¢2].

I‘I’*H\I’dr

:EvarZEexac Y\i
I\P*\Pdf ' (T.2%)
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In quantum mechanics we deal with approximate wavefunction for
a molecular system which when substituted into the Schrodinger
equation, will always yield higher energy than the actual energy of the
system. When W is a complete wavefunction, the solution of Schrdodinger
equation gives stationary values of the energy. Therefore, a small change
o¥

o =0 <VH|¥> = (Y.)0)

The advantage of this method is that the same criteria can be applied to
incomplete wavefunctions to obtain approximations to correct
wavefunctions. So we can apply this method when ¥ is a function of
numerical parameters c,,Cs,...as linear combination of fixed function
®,,Dy,...

SU(Cv,Cr,...):CvCDH' CrdDrt - (V-\W)

And the stationary values of ¢ will satisfy

oe oe
oc=——9&, +——, +---=0
oc, - oc, ° (Y.)V)

2.4 The Hartree Approximation

Another common approximation is to construct a specific form for
the many body wavefunction. If one can obtain an accurate wavefunction,
then via the variational principle an accurate estimate for the energy will
emerge. The most difficult part of this exercise is to use physical intuition
to define a trial wavefunction close to the true wavefunction. The total
wavefunction for n electron system is generally approximated as a

product of the one electron functions w,, w,..., W

AR
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() T m)=y() w o)y (D) yn(n) (Y.04)

Such one electron functions vy, are called orbitals, and the product
function as such is known as a Hartree product [¢1,¢V]. Therefore, the
many electron Hamiltonian H® (Y, Y,..., n) could be written as a sum of

one electron operators 7 (P)
HE (0, Yo m)=2, H(P)= Y1292 +v(P)] (Y09
P P

where V(p) is an unspecified one electron potential energy function.

This form of Hamiltonian is used in Schrodinger equation of the system
HAL Y eon) Y, en) =€ Y(, Y om) (Y.X4)
The Hamiltonian for pth electron is
H(P) =-1/2v2 +V(P) (Y.1)

We can write one electron Schrédinger equation of individual orbitals v,

as the form
H) yi(N)= & wi()) (Y.7Y)
Where g, is the orbital energy.

2.5 The Hartree-Fock Approximation

Until now we have not taken into account the spin of the electrons.
According to Pauli exclusion principle: a maximum of two electrons can
occupy an orbital and the spin of the electrons are paired (i.e opposed).

The z component of the spin angular momentum is quantized and has two

YY
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possible values 1% in the unit of 21 These two spin states may be
T

represented by two mutually orthogonal spin wavefunctions; « which

belongs to +% state and g which belongs to —%state [¢+]. Therefore, the

complete wavefunction for a single electron is a product of spatial

function and spin function,
Y(=w()n () (*.77)

Where 7( ')may be associated with either o or B spin function.

On the other hand, electrons are Fermions. The minimum
requirements for a many-fermion wavefunction are antisymmetry with
respect to interchange of electrons and indistinguishability of the
electrons [YY-Y¢]. Thus, no physical property of the system can change
iIf we simply rename or renumber the electrons. Mathematically, ¥ must
be antisymmetric with respect to an exchange of the coordinates of two

electrons for example by the permutation operator P; ,:

Pi2P(),N=-¥(,") (Y.V¢)

The total wavefunction of two electron as a Hartree product does not

satisfy antisymmetric principle. Consider
PO, D=y (e Dy (DBN-y (Dl Dy (VB (Y.Ye)
Now
Pr2 0, 1)=y (Nl Dy (DBC)-w o (Da Dy (DB(T) (¥.¥9)

The result of P;, ¥(,7) is seen to be -¥(),Y) as desired. Therefore,
WY(),Y) is an acceptable wavefunction. Notice that W(),Y) is the

determinant of a simple matrix

Yy
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_ 1 (yi@Ma@®) v, BN
P, n=— YXY
("7 V2 i (2a(2) v (2)B(2) (1)
Generalizing the previous equation to give Yn electrons system

determinant can be as follow [Y,£A, €4]:

RGO e v, OBO)
VOT )= L@ H@BD) e v, (2B(2) (1.18)
vi@a(2n) 0N v, (2n)B(2n)

This form of wavefunction is called Slater determinant [Y°,°+]. It reflects
the proper symmetry of the wavefunction and Pauli principle. Eqg. (Y.YA)
can be written as the product of the diagonal elements of the matrix

enclosed in bars
POLT )= Qa@y, (2 BQ2)........... w,(2n) B(2n)| (Y.¥9)

For the one electron wavefunction, the orthonormality condition is

applied in the calculation,
IWi‘/’de:5ij (Y.¥4)

In this expression, dr is the volume element, 5, denotes the kronecker

delta, which is Y when i=j and -+ otherwise. We notice the factor 1 in

Jan!
the right hand side of Eq. (Y.YA). This is so because the combination of

Hartree products is normalized to unity.
¥. " The Energy Expression for a Closed Shell System

Let's assume a wavefunction of Slater determinate form, and find
an expression for the expectation value of the electronic energy for Yn

electrons system,

Y¢
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e=(V|H, |¥)(¥|Y) (Y.7)

where H, is the electronic Hamiltonian operator, it may be separated into

one and two-electron parts [££,¢V]

He = Hy + Hy (Y.YY)
or
H. _Z:H‘“’re(p)+pz<d;rpd (Y.vY)
where
Hcore(p)z_%vﬁ_;zArgi (V.7%)

Here H®" is the one electron Hamiltonian corresponding to the motion of
an electron in the field of bare nuclei. The energy expectation value is the

sum of the expectation values of the one electron and two electron part

[V],
(PIH, W) =(¥|H, |¥)+(¥|H,|¥) (Y.Y0)

The one electron part is given as,

2n

(PIH, W)=Y (P IH=" ()| ¥) (Y.¥7)

Eq. (Y.v7) is simplified as follows

(¥|H, |¥) ZZH (Y.YV)
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where Hj; is the expectation value of the one electron core Hamiltonian

corresponding to the molecular orbital,
H, = [ wi @H“y;@)dr, (Y.¥A)

The second part of Eq. (Y.Y°) is given as,

(WIH, | ¥) :%(Zn)(Zn —1)<\P\r1;1\\11> (Y.¥9)

where B(Zn)(zn—l)} Is the electron-electron repulsion terms and because

of the indistingushability of electrons, each will give the same

contribution. The final result of Eq. (Y.Y4) is given as,
<‘P|H2|‘P>:ZZ(ZJij—Kij) (Y.€4)
i
where J;j is called the coulomb integrals,
|
3 = [Jvi ;@)= v @y, (2)dudr, (Y.£))
12
and Kj; is the exchange integral
N |
Ky = [[vi Qvi@=v, 0w, (2drdr, (Y.£Y)
12
Therefore, the total electronic energy will be,
s:ZZn:H”+Zn:Zn:(2J“.—KU) (Y.£Y)
i i j

This formula contains a set of three and six-dimensional integrals Hj;, J;;
and Kjj [¢£,2)]. The one electron integral H;; represents the energy of an

electron in a molecular orbital v, in the field of bare nuclei, and because

¥
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there are two electrons in each orbital, this term should be multiplied by

Y. The interaction of the smoothed-out charged distribution vy, and
y;y; is represented by the two electron integral J;. The second term in
Eqg. (Y.£Y) comes from the fact that if electrons Y and Y are assigned to

different spatial molecular orbital v, and vy, both have o or g spin and

there will be four contributions each of which equals to /Y Jj. The
exchange integral enters with a negative sign and reduces the energy

between the electrons with parallel spin in different orbitals y; and .

Therefore, if the electrons ),Y are assigned to different spatial orbital .

and v, there will be two contribution each of which equals to /Y K.

r. ¥ Hartree-Fock Equations

After getting the proper form for the many electron wavefunction
for closed shell system as a single determinant of spin orbitals, and
developing a convenient expression for the electronic energy, the
variational principle to this expression will be applied. According to this
principle, if one adjusts an approximate of many electron wavefunctions
as Slater determinate to lower the energy, then the solution of this
wavefunction will be approached. one can obtain the best molecular
orbitals by varying all the contributing electron functions vy, ,y,,.......... RS
in Slater determinate to achieve the minimum value of the energy

[£+,¢¢€]. The variation of ¢, (8¢) is zero to first order,
0e=0

The variation of ¢ is written as,

e‘»a:zia‘)Hii +ii(26Jij—8Ku) (Y.44)
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Because the variations of the orbitals are linearly independent, one can

derive a related equation for a single electron (V) in a single orbital (i)
{Hcore(l)+Z[2Jj(1)_Kj(1)]}\Vi(1) =& v; (D) (V.i")

where

g, 1S the electronic energy of the electron in orbital i.

J; is the coulomb operator which is defined by

3@ = [w)@) v, @), (Y.£%)

1

It is the averaged electrostatic potential of the two electrons in the orbital

V-

K is the exchange operator and can not be written as a simple function
but has the property that

e 1
Kj(l)\l]i(l):|:IWj(2)r_Wi(2)dT2:|Wj(l) (Y.£VY)
12

It is more complicated, and it arises from the effect of the antisymmetry
of the total wavefunction on the correlation between electrons of parallel
spin. The quantity in large curly brackets in Eq. (Y.€°) is called the Fock
operator F(V). Thus,

FQw; @) =&y @) (Y.€A)

These are commonly known as the Hartree-Fock equations which state

that the best molecular orbitals are all eigenfunctions of the Fock operator
[£+,69,0Y].
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r.A Self-Consistent Field Theory (SCF)

This theory is used to calculate the proper wavefunction of the
system. It is commonly used to solve the integrodifferential equations
after transforming these equations to differential equations [°Y].
Therefore, in order to evaluate J; and K; terms in Eq. (¥.¢¢) for the
calculation of v,, one needs to know v, First, assuming a set of trial
solution i, y,...... allows the computation of coulomb and exchange
operators in order to calculate a new eigenfunctions v}, yj,...... of these
operators which are the second set of trial functions. This procedure is
continued until there is no change in the orbital between iterations
[¢+,£€]. The orbitals are then said to be self-consistent with the field
generated by the electrons. Hence, we call this process a Self-Consistent
Field (SCF) calculation [°Y].

r. 9 Linear Combination of Atomic Orbitals (LCAO)

For molecular system of any size, direct solution of Hartree-Fock
equation is impractical and more approximate methods are required to
solve these equations. Therefore, the individual molecular orbitals is
required to be expressed as linear combinations of a finite set of N,

prescribed one electron functions known as basis functions. If the basis

functions are ¢,,¢,,....c..ens, ¢, , then an individual orbital v, can be written
[TY,2,2]
NO
“I’li :Zcpid)p. (Yiq)
pn=1

where C; are the molecular orbital expansion coefficients.

This method has a further advantage that it aids the interpretability

of the result, since the nature of chemical problem frequently involves

¥Aa
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relating properties of molecules to those of the constituent atoms. The

orthonormality condition in the LCAO approximation is given as,
C*in'S v Si' Y .
2.CuC.S, =8, (Y.2)

where 5, is the kronecker delta and S, is the overlap integral for atomic

function ¢, and ¢,,
S, =[4,0¢, Wdr, (Y.21)

r. 1. Basis Sets

The atomic orbitals used for the LCAO procedure form the basis
set of the calculation. Selection of the correct basis set is an important
decision because it dictates the accuracy and computational difficulty of
the calculation. We distinguish here three types of basis sets commonly

encountered [Y]:
(V) Valence: only valence orbitals (e.g., Ysand Yp on C).

(Y) Minimal: all orbitals up to and including valence (s, Ys, and Yp on
C).

() Extended: extra functions added to the minimal set (e.g., d on C).

In the atomic problem, we are faced with a spherical symmetry
problem. So, the functions contain a radial and an angular function, the

latter being simply the spherical harmonics Y,,,(0,¢) [YY,YY,°Y].

We shall thus write an atomic orbital as
(I)(r’ 9,‘1)) = |:2n| (r)Y(e’ (I)) (YOY)

The angular part is defined as
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Y (6,9) = 6,,(0)P, () (¥.°%)

where, in real space

_ »
00, () = DO e cost (1.5%)
_[@™?cosm¢ m=0 oo
CDm((I))_{ (27_[)—1/2 mzo} (Y )

The quantities P"(cos6) are the normalized associated Legendre

polynomials, taken in the form [Y]

P (cos6) = (m 5 (MD! G GZClmucos 0 (Y.07)
where |, and m are the azimuthal and magnetic quantum numbers
respectively, and the coefficients C,,, are determined from the usual form

of the associated Legendre polynomials P™(cose). The different types of

orbitals will differ by the form of the radial function R,. The atomic
orbitals also present some peculiarities at the nucleus (i.e. a cusp), and the

basis functions should be tried to satisfy those conditions as possible.

There are two types of the function representation of minimal basis

sets of the atomic orbitals [£2,0Y, 02, 01]:

)
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Y.V .Y Slater-Type Orbitals (STO)

These orbitals have the radial form
R,(r) =N, r"" exp(-¢r) (Y.eV)

Where N, is the radial normalization constant,

B (zc)mllz .
Nn - [(2”)!]1/2 (V /\)

¢ is the orbital exponent, these functions arise from a potential

¢, n(n-H-1(+1)

V(== = (Y.

The Slater-type orbitals constitute good atomic orbital basis for atomic
and molecular calculations, but for molecules the evaluation of integral

over polycentric functions is quite difficult. The STO is used in this work.
Y.V .Y Gaussian-Type Orbitals (GTO)

These very common functions have a radial form
R, (r,a)=N_r""exp(—ar?) (Y.14)
with:
N, =2"[@n -V (2n) M4 om0 (Y.1Y)
arising from a potential:

n(n-1)—1(1+1)
2r?

V(r) = 2a’r® + (Y.1Y)

o IS a constant, the greatest advantageous type of these functions is the

easily integrable polycentric functions. They are less satisfactory than

Y
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STO as representations of atomic orbitals, particularly because they do

not have a cusp at the origin.
r. 11 Roothaan-Hall Equations

Substituting the linear expansion of Eq. (¥.£€%) in the molecular

orbital integrals [Y], yields:

H. —ch +H (Y.17)
where H , is the core Hamiltonian matrix elements,

H,., = [ 6, OH*"¢, (W), (Y 15)
Similarly we may write

J; =D .C,C},C.Ci(uv/ro) (Y 19)

wivo

K _ZCNCM vi cj(l’l)\’lvc) (V'\W)

HAve

where (uv/io) is the differential overlap matrix elements
1
(uv/%0) = [[ 0, W, M=, ()9, (2)drdr, (V1Y)

The total electronic energy of Eqg. (Y.¢Y) can be written in terms of
integral over atomic orbitals. By substituting the pervious expressions in

the equation of the electronic energy, we obtain

g_ZPHVH +1 Z m[(uv/kcs)—%(p)\,/vcs)] (7.70)

uv?x.c

where P, is the density matrix elements,

AR
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occC

Pp.v = ZZC;CVI (qu)

Applying the variational method to Eq. (Y.7A), a small variation of the

molecular orbital vy, can now be given as
dy; = > 8C,0, (Y.V4)
18

And when applying the condition for a stationary point (8 =0), one can
obtain the following final form, [YV,&Y,£A]

2. (F, —&S,)C,; =0 (Y.9Y)

v

where F_, is the Fock matrix

FwZHW+ZPM((MV/XG)—%(HMVG)j (Y.VY)

AG

The equations for LCAO which self-consistent field molecular
orbitals, Eqg. (Y.V)) are algebraic equations rather than differential
equations (Hartree-Fock equations). They were set forth independently by
Hall and by Roothaan, These equations are solved by first assuming an

initial set of linear expansion coefficients C,, generating the density

matrix P, and computing the first guess at F,, then one can calculate a

v uvl

new matrix of C . This procedure is continued until there is no change in

C,; between iterations [Y].

r. 1 ¥ Semi-empirical Methods

The approach which involves solving the HF equations with a few
other short-cuts as possible is called ab initio method [£A,2V]. Because

everything is calculated based on simple physics, we can say that the

Ye
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results are "from first principles"”. This method involves the evaluation of
large number of two electron integrals. For the large systems the
evaluation of two electron integrals becomes a computer time problem.
The most widely used methods are the semi-empirical methods [©A].
These methods are based on the observation that vast majority of
computer time is spent dealing with integrals. The zero-differential
overlap approximation (ZDOA) is the starting point for many semi-

empirical methods|[Y,£Y].
The ZDOA sets all but a few terms in the differential overlap

matrix identically to zero:

(uv/Ao) = (uu/An)5,,,5,, (Y.vY)

and the overlap integrals, s,, are neglected in the normalization of the

molecular orbitals. The Hamiltonian matrix elements Huv, are treated
semi-empirically.

The ZDOA simplifies the Roothaan equations to become:

ZFquvi ='giC:pi (Y_Vﬁ)

1
H,, —EPw(uu/uuHZPM(w/M) v=p
F o= » (Y.Ve)

1
HHV—EPW(W/W) TEY

These equations are only applied to the closed shell molecules and reduce

the number of Y-electron integrals.
Y.V Y)Y Complete Neglect of Differential Overlap (CNDO)

The degree to which the ZDOA is applied varies from one method

to another. The simplest form is the complete neglect of differential
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overlap (CNDO) [¢4,%+] introduced by Pople, Santry and Segal. Only
valence electrons are treated explicitly, the inner shells being treated as
part of a rigid core. The remaining Y-electron integrals in this

approximation is given by:
(L / VW) =78 (Y'VW)

where y,, is the average electrostatic repulsion between any electron on

atom A and any electron on atom B. Therefore, the integral depends only

on the nature of the atoms A&B.

The Fock matrix elements for this approximation is given as:

1
Huu _EPPMYAA +ZPBB'}’AB V=H ¢u on atom A
F = B (Y.YV)

1
HW—EPWyAB vV # LW, ci)H on A ¢,on B

where Pgg is the total electronic density associated with atom B,
B
PBB :ZPM (V-V/\)
A

we can apply the same approximation to the matrix elements H,, of the

core Hamiltonian operator,
H=—3v2—§ V, (Y.V9)
2 = ° '

where —Vg is the potential due to the nucleus and inner shells of atom B.

Thus one arrives at:

1
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UW—BZ#;(HIVB/M), v=p 6, onA

H,, = U, =D/ Vs /), ¢, o, on A (Y.A4)
B=A

(W-3V2 =V, Vo /v)— (/v 1v) ONA 00 B

C#AB

Where

U, =W/—-3V? =V, /v) (Y.A)

v

We shall restrict ourselves to the s, p, d, ....... sets in the following

development. If we use these sets, U, when p=v, is zero by symmetry.

pv?
The term (u/Vg/pn) must be a constant (Vag), Where -Vpg is the
interaction of any valence electron on atom A with the core of atom B.
Furthermore, neglecting the monatomic differential overlap means that

(n/Vglv)=0,u=v. For H , when u on A and v on B the second part is

neglected in Eq. (Y.A+) because it is a three-center integral. The first part
of this equation is a measure of the possible lowering of energy levels by
an electron being in the electrostatic field of two atoms simultaneously. It

is referred to as a resonance integral B, which is assumed to be

pv 1

proportional to the overlap integral,
Bp.v:BOABSpv (YAY)

Applying these further conditions to Eq.(Y.A+), we arrive at

Upp_ZVAB' n=v, (|)p onA

B=A

H,. = 0, u=v, ¢,, ¢, bothon A (Y.AY)
BOABSuv M'_'tvi (I)H On A, d)v On B

This expression can now be substituted into the Fock matrix,

v
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1
P = Ui o =3 Pudan + 2 [ Quns + (2o = Vi) (Y.A%)
6 1 Y Ao
va:BABSuV_EPHVYAB TERY ( . )

where Qg is the net charge on atom B,
Qp =Z; Py (Y.AY)

The quantity Z.y,, —V.s represents the difference between the potentials

due to the valence electrons and core of the neutral atom B. The total

energy can be written by applying these approximations

1 -
Etot ZEZPHV(HHV+Fuv)+ZZAZBRAlB (V/\V)
pv

A<B

To evaluate S ,U V... 7. andBs; We can use two systems adopted,

pv? v

termed CNDO/Y and CNDO/Y [Y,£Y].

V. CNDO/Y

e The overlap integrals are directly evaluated using formulas

discussed in appendix A.

v, IS calculated as the two center coulomb integral involving

valence s functions,
Yae = |[SA (1) st (2)dr,dr, (Y.AA)

The evaluation of these integrals is also discussed in appendix B.

e The electron-ion interaction Vg is also calculated using an s-

orbital on atom A.

YA
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Vs :ZBjsi(l)(r15)71d71 (Y./\‘l)

e The one-electron Hamiltonian matrix elements, U, is obtained by

pp?

fitting to atomic ionization energies.

e The bonding parameters p%, are approximated by the expression
o] 1 o [0]
BAB:E(BA+BB) (Y_‘\.)

Here B, depends only on the nature of atom A, so only semi-empirical

parameter is selected for each element.
Y. CNDO/Y

This version of the CNDO method differs from CNDO/) in the
way that handles penetration integrals and the one center atomic core
integrals. There are two improvements made to the CNDO/)

parameterization.

. The electron-core potential integrals Vg are no longer evaluated

separately but are related to the electron repulsion integrals by
Vag =ZsYae (Y.9)
Y. Instead of fitting the U, using only ionization potential, an
average of the ionization potential and electron affinities is used,
1 1
S0+ A) =y +(Za =) (¥.47)

where 1 ,A, are the ionization potential and electron affinities

pr

respectively. This should make CNDO/Y better suited to modeling the
tendencies for atomic orbitals to both gain and lose electrons than
CNDO/Y.

Y4
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Y.V Y.Y Intermediate Neglect of Differential Overlap (INDO)

When two electrons in different atomic orbitals on the same atom
have a smaller average repulsion energy if they have parallel spins, the

exchange integral of this type is given by

(/) = [[ 6,06, 50,00, @d5ds,  prv (Y.37)

In CNDO theory such integrals are neglected, and all interaction between

two electrons on atom A are replaced by v,, irrespective of their spin. In

this method the exchange integral of this type is taken into account.

The diagonal Fock matrix element in INDO [1V] is

A
1
R = Uyt 2P L2201+ 3 P ~ZaJrsa mONA (Y.49)

A+=B

3 1
Foo =Pul5 (0v/uv) ==/ vw)l - v bothon A (V.2¢)
1goipoys 1 Y41
FHVZE(BA_'_BB)SHV_EPHV’YAB }’l OnAVOHB ( ° )

For Ys and Yp orbitals which have the same radial parts. The non

vanishing integrals are given by Slater [1Y]

(ss/sS) =(5S/XX) =F° =y 4 (Y.4V)
(sx/sx):(%Gl) (Y.3A)

3 2
(xy/xy)=—-F (V.99

o, 4
(xx/xx)=F +2—5F (Y.) )
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2 -

(xx/yy):F“’—EF (Y.v )

and similar expressions for (ss/zz), ... etc.

where F°,G"and F* are two-electron integrals involving the radial parts of
the atomic orbitals. All the above integrals are one-center integrals. By
one-center integrals we mean that the integrated functions are on one
atom. These integrals will be discussed in appendix B. Two-center
integrals mean that the integrated functions are distributed on two atoms.
For the large atomic number such as tin (Z=¢°"), the evaluation of these
two-electron integral is impossible because the relativistic effects will
affect the energy levels which is used to evaluate these integrals.
However, we can evaluate these integrals from theoretical definition as

explained in appendix A.
r. 1 ¥ Tight-Binding Method (TBM)

Up to now we can not apply ab initio or approximate self-
consistent theories to solids because of the infinite number of atoms and
electrons in the solid. Therefore, in this method we can apply the linear

combination of atomic orbitals to the solids as following.

Consider a microcrystal of N" large unit cells each containing n
spin orbitals. The total number of electrons in the system is N=n'N?, and

the total electronic wavefunction @ with the Hartree-Fock approximation

can be represented as a single determinate of N order [Y]

D(L......N) = Ky, (K, 1)y (K, 1)y (K, )| (Y.)+Y)

¢)
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where v (k,r) is the crystal orbital, k denotes the wave vector, r is a

position vector and i is the normalization constant. In constructing one-

electron crystal orbital y_(k,r) we need the following properties

V. The translational symmetry of the crystal where by the crystal

orbital is described by Bloch theorem [¥].
v, (k,r) = U(k, r)exp(ik.r) (Y7
with U(k,r) having the periodicity of the crystal
U(k,r)=U(K,r+R,) (Y.)%)

where (R,) is the position vector defined as

Ry, = mya, + nvar + n+ar ; Ny, Ny, N, are integers and a,, ar and ar are the
basic translation vectors of the large unit cell (LUC) of the crystal. The

crystal orbital is translated to the new position r + R, then we have
y(k,r+R,)=Uk,r+R,)exp(k.(r+R,)) (Y.)+9)
Using the Bloch condition in equation (¥.) + ¥) we obtain
y(k,r+R,)=w,(kr)exp(k.R,) (YN
Y. The wavefunction should be repeated after N cells [ ¢], i.e.
v, (Kr+N)=wy,(kr) (Y.V+Y)

Thus, the Bloch orbital is approximated by a linear combination of

one-electron molecular orbitals X, in the cells. Hence

cells

v, (k1) =>exp(ik R, )X, (k,r—R,) (Y.)+A)

&y
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The one electron molecular orbital may be written as a LCAO of atomic

orbitals in the cell:

basis

X, (kr=R,)=>Cp (K)o, (r-R,) (Y.)+9)

where ¢, is the basis function. The one electron crystal orbital is written

as

cells basis

v, (k)= > exp(ik-R,)C,, (K)o, (r-R,) (Y.9))

The total Hamiltonian for a microcrystal consisting of N electrons may

be written as,

H=ZN:(—%Vi—izara;l)Jr%ZN:Z::r;é+ii::ZaZbRa‘; (YY)

The Hartree-Fock equations for the microcrystal can be written as,

> (Fy (K)—e, ()S, (K))C,, (k) =0 (YY)

where Fpq and Sy, (the Fock and overlap integrals) are now given by:

qu(k):ZU:Fop'uq exp(ik-R,) (YT
Spq (K) = ;sop,uq exp(ik R,) (Y01 6)
Foosa =(0p (T =Ro) [HI0,(r—R,)) (Y.110)
Sepa = (0 (T =Ro) 104 (T=R,)) (Y1)

¢y
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The Fock matrix elements may be expressed in terms of one and two-

electron components:

l:op,uq = Hop,uq +Gop,uq

with

0 1 1|, u

Hop,uq = <¢p (1)‘_EV12 _Zzarlal q)q (1)>
and
all  allbasis
cells functions " oiu v 1 . U
Gop,uq = Z Zprs [((I)pd)q | d)r d)s ) - E (¢p¢r | d)s (I)q )j
v,A rs

where

(I): = (I)q (r_ Ru)
and

(0508 7979) = (93 Doy () 15165 (V9 (2))
P is a density matrix element with the form

Py =D Pu(K)explik'.R; -R,)
-

with

0occC

P.(k)=2) C;, (K)C,, (k)

(¥

(¥

(¥

(¥

(¥

AY)

A

Y4

AYY)

YY)

YY)

YY)

The new wave vector k' refers to the summation over all the allowed

values of k [Y].

¢¢
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r.1£The Large Unit Cell-INDO Method

In the large unit cell method, we shall need to reduce the zone of
the wave vector (k) to simplify the calculations [ Y]. The first Brillouin
zone is defined by the wave vector with a lattice constant (a) in the one

dimensional case
+nla>k>-m/a

The zone of the wave vector will become smaller when choosing a LUC
lattice with a large lattice constant and when the lattice constant of LUC

lattice is equal to (Ya). This zone is defined by the new wave vector
+n/2a>k>-n/2a

Thus, if we choose a LUC lattice with a lattice constant large enough will
make all points in the first Brillouin zone close to the point k=+ in the
three-dimensional case. This leads to use only the points at the origin of
the first Brillouin zone in the solving of the self consistent equations. This
approximation is called the k=+ approximation [1Y]. Substituting k=" in
Eq. (Y. Y) yields

D (Fe(0)-¢, (0)C,, (0)=0 (Y.1Y%)

The Fock matrix elements within the LUC-INDO method have the

following form:

Fpp (0) = Uop,op - ZZZBYZ\VB + ZBOA (Sop,vp - 6ov) + Zzprr (O)YZVB

B=A v

1 1 (Y.\ Y o)
5 2P O~ TP (003 16347)
Fra(0) = ZB2uSipe 5 P O 7% (rI7)

$0
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for p and g on different atomic centres and

Foq (0= PBaScpu — qu (O)ZY2X+ 5 o (O)13(0phq / p0) = (0p0y /0505)] (Y. YY)

v£0 v=0

for p and g on the same atomic centre.

Evarestov [1°] and Szymanski [‘°] added correction to previous

equations by suggesting the modulating function f(x)

(00 :(sin (x))z (YAYA)

X
where X for the A atom LUC is given by

ov
R g

- (Y.Y9)

X =

where R¢;, is the distance between the atom A at the central lattice o and
the atom B at the v lattice. The modulating function is multiplied by the

density matrix (P,,) and two electron integral y,, when a summation on

the LUCs (v) is made to avoid divergence when including large number

of neighbors.

The final form of the Fock matrix elements within the LUC-INDO

method with the added modulating function f(x) is given by:

Fpp (O) = Uop,op - ZZZBYAB +ZBA (Sop vp 8ov) +Zzprr (O)Y b

B=A v

(\'_\T‘~)
——Z%(O)f ZP”<0)<¢ o 19567
Fa 0)= ZBiBSop,vq 2 P (O)Zf X)y (Y AT )

for p and g on different atomic centres and

|
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Fu(0) =" B%Sopng —%qu 0 f(xpyan +%qu (O)[3(205 /0205) — (9205 /92021 (Y.IYY)

v20

for p and g on the same atomic centre.

These equations are programmed to calculate the effect of pressure

and temperature on some properties of grey tin crystal in the next chapter.

F. 1@ Corrections to the Hartree-Fock Theory

Y.Ve .Y Correlation Corrections

The Hartree-Fock equation is an approximated solution to the true
ground state many body wavefunction. Terms not included in the
Hartree-Fock energy referred to as correlation contributions. Correlation
energy is defined as the difference between Hartree-Fock and exact

energy [YV,A].

E..=E

corr exact

Epe (YOYY)

Correlation energies may be included by considering Slater determinates
composed of orbitals which represent excited state contribution. This
method of including unoccupied orbitals in the many body wavefunction
is referred to as configuration interaction or "CI" [°Y,17,1V]. The exact
wavefunction can be expressed as a linear combination of the

determinatal wavefunction:
Y =a,¥,+a,%¥, +a,¥,+....... (YOY9)

Where ¥, is the full Hartree-Fock many-electron wavefunction. Here
¥, Y, are wavefunctions for other configurations, and the linear
coefficient a,,a,,...... are to be determined. CI theory is very expensive to

implement, but the results are usually very good.

¢V



CHAPTER r. THEORY

Another method of correlation to correct the calculated Hartree-
Fock total energy that can be applied to molecular and solid calculations
iIs the Maller-Plesset perturbation theory (MPPT) [£+,8A,0V].
Perturbation theory attempts to describe differences between systems,
rather than to describe the systems separately and then takes the
difference. In this method the correlation Hamiltonian is written as a

perturbation over the exactly solvable Hartree-Fock Hamiltonian
H=H,+AH" (Y.\Y9)

where H is the total Hamiltonian, H, is the Hartree-Fock Hamiltonian, 2
Is a dimensionless parameter and H' is the correction Hamiltonian. In this

method H,, is taken to be the sum of the one-electron Fock operators,

n

|Z|O=Z|Ei (YO

i=1
The wavefunction is now given by
¥, =000 2@ L (Y.YY)
and the energy will be
E, =EQ+1E® +1’E® (Y.YA)

The perturbation H® is given by
F|<1)=H—zn:ﬁi (Y.A79)
i=1

The HF energy Eyr associated with ground-state HF wavefunction ¥, is

the expectation value

A
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Ee = (W | Ho + HO | ¥, (Ya€4)

The zero-order energy E' and the first order energy correction E is

given as
E® =(¥, |H, |¥,) (Y. €))
E® = (%, |H® | %,) (Y.£Y)

From Egs (Y.)£+)-(Y.) £€Y) we conclude that
E,=E?Q+E® (Y.VEY)

The second-order contribution to the Mgller-Plesset energy is

virt

E(z) _ _ZOCCZ

< j a <

z (e, +€, — € —ej)fl(ij/ab)2 (Y.)£¢)
b
where (ij/ab) is a two-electron integral over spin orbitals,

(ii/ab) = [[wi Qw; (2)(}) [v. Dw, (2)~ v, v, (D]drdr, (Y.)£0)

Here v, and v, are the occupied spin orbitals, v,,y, virtual spin orbitals.

Eqg. (Y.) €¢) is the final form of the second-order energy correction

and the inclusion of it is designated MPY [£2,7A 14],

It is possible to extend the MPPT to include third-and fourth-order
energy corrections, and the procedures are then referred to as MPY and
MP¢ respectively. The full discussion of this method can be found in the

reference [V +], and this method is used in this work.

€9
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Y.V e Y Relativistic Corrections

For high atomic number (Z) nuclei, the relativistic effects
[VY,YY, VY VE] can not be neglected in the band structure calculations.
There are three term of relativistic corrections which may be added to

Schrddinger equation [£¢].

V. Kinetic energy correction term

P4

" e

(Y.1£7)

where P and m are the momentum and mass of the particle, ¢ the speed of

light. The effect of this term on s state (¢=0) is more pronounced than the
other states of high value of the angular momentum (¢) and this term has

a negative expectation value.

Y. Potential energy correction term (Darwin correction)

h4
V2V (Y.)£V)

H, ="
2 8m2C2 P

where n=h/2r, V, is the potential. This term has an effect on s states and

has a positive expectation value.

Y. Spin-orbital term

1 (Y.)£A)

27 2rm%c? dr

where L is the angular momentum operator and S is the spin operator.
This term has no effect on s state (¢=0) and has the effect of splitting
levels of ¢=0. The splitting of the p states can be measured directly in

experiment. The experimental spin-orbit splitting (A,) of the p states at

the top of the valence band of the grey tin (dealing with solid in our
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work) is equal to (+.A eV) [Y°]. As an example of this effect I, point is

splitted to I, and I, states as follows

E(l—‘;):E(l—‘zs)+7L (V-\ i“t)
E(I;) =E(Is) — 22 (Y. er)
where % is given by
-
3

The experimental estimation of the effect of the first and two terms
Is difficult, but the inclusion of these terms in any calculations is easier
than the inclusion of spin-orbit term. This is so because the number of
states will be increased when the spin-orbit term is added to the
Hamiltonian. The preferred corrections include the relativistic correction
to the kinetic and potential energy only and to drop the spin-orbit term

from the calculations [ Y].

o)
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3.1 The Structure of Computer Program

In Fig (¥.)), a block diagram of the computational procedure used

in the present calculations is shown. Each individual program step serves

to perform a specific task as in the following:

)

. Specification of the positions of atoms and the kind of states that are

given as input data.

. The (overlap, core Hamiltonian and two electron) integrals are

calculated and stored.

. The Fock matrix Fyq is calculated from an initial guess of the

wavefunction with the calculated integrals in the previous step.

. Calculation of the density matrix from the new eigenvalues.

. Calculation of the total electronic energy from the density matrix.
. Calculation of a new Fock matrix from the new eigenvalues.

. Steps ¢ and © are repeated until self-consistency is achieved.

. The total energy compared with the previous one and when the total

energy differs from the preceding one by more than a given tolerance,
steps 1,¢ and © are repeated. If the final total energy differs from the

preceding one by less than the given tolerance, step 2 is executed.

. Calculation of the correlation corrections and correlated

wavefunctions using the final HF wavefunction.

Calculation of the band structure, some physical properties of
(x—Sn) and the effect of pressure and temperature on these

properties.

oY



CHAPTER - COMPUTATIONS AND RESULTS

Specification of
position of atoms and
the kind of states

Initial guess of the

wavefunction

Calculation of the
overlap and core
Hamiltonian integrals

Calculation of Fy

Solving the P equations
Z(qu —8554)Cp =0

Calculation of the two
electron integrals

Calculation of P

Calculation of ¢,

No

has energy converged

Yes
Correlation corrections

Calculation of the band
structure, some
properties and effect of
pressure and temperature

End

Fig (¥.Y): The flow chart of computer program used to calculate the band
structure and some physical properties of (a.—Sn) and the effect of pressure and

temperature on these properties. ov
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¥. ¥ Choice of Large Unit Cell

The general approach to the selection of a large unit cell, such that
those special points required in the Brillouin zone occur at the I'(K =0)
points in the reduced Brillouin zone [¢V]. For a face-centered cubic lattice
system, large unit cells can be based on either the primitive translation

vector set [Y°].

_ a
a, = ?0(1,0,1)

3, =a7°(o,1,1)
or on the Bravais translation set:

a, =a,(110)

a, =a,(01)

a; =4a,(011

Calculations on LUCs are centered on small and limited number of
atoms per a LUC. In Table (¥.)) the most common LUCs that are used
for the calculations of the band structure of diamond structure crystal are
listed with the high symmetry points that are obtained from the solution

of Hartree-Fock equations for these crystals ['Y,Y°].
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Table (¥.Y): The high symmetry points for different numbers of
atoms per LUCs [Y¥,Y¢].

‘ Number of atoms in the LUC High symmetry points \

I,3X

I',3X,4L

I',3X,4L,6A,6W,123%.

I, 3X,4L,6A,6W, 12> and *v

inner points of Brillouin zone

In this work we choose the LUC of eight atoms with the diamond
structure. The calculations are carried by forming a cube of a side Ya
where a is the lattice constant of the Bravais lattice. The number of
Bravais lattices in this cube is YV lattices. The interaction of the atoms in
the central Bravais lattice with the surrounding atoms up to the fourth
neighbors is included. These calculations require the determination of

wavefunctions and positions of A1 ¢ electrons and Y7 nuclei.
F. ¥ Choice of Parameters

There are four parameters in the LUC-INDO methods. These are
C,B°,%(IS+AS) and %(Ip+Ap). In order to compensate the errors

caused by neglecting many smaller integrals, empirical parameters are
calibrated against reliable experimental or theoretical reference data. It is
necessary to vary these parameters in order to get optimum results in the

intermediate neglect of differential overlap.
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These parameters are varied firstly to give nearly the exact values
of the equilibrium lattice constant, cohesive energy, direct band gap and
valence band width. The remaining of the output data of the programs is a
result of the theory that is used in the present work. We found that the
investigated properties were sensitive to the aforementioned parameters.
The optimum values of these parameters lead to results in agreement

with the experimental results are listed in Table (¥.Y).

Table (¥.Y): Parameters set for the LUC-INDO method used in the

present work
The parameter This work
(a.u.”) Yy.44910
B (eV) ERAEE
| N /Y(1s+As) (eV) q_¢oY |
[ Y (I+A) (V) oYY I

F. £ The Total Energy

By using the procedure in Fig (¥.)), the total energy of the crystal
is calculated. The process of the calculation depends on the self-
consistent style. The total energy is calculated from the initial guess of
the wavefunction. The new wavefunction gives a new value of the total
energy. This process is continued until the difference between the last
value of the total energy and the previous one is less than a given

tolerance.

The tolerance of convergence of the total energy depends on
whither double precision (Y7 digits) calculations are used or single
precision (A digits). This precision is taken as 4.+xV+" (a.u) which is

o1
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equivalentto (+.+++Y¢ eV). Table (¥.Y) shows the successive total energy
calculated in each iteration without taking the correlation corrections into
account. The difference of total energy between step © and step ¢ is
(Y.Ax\ " (a.u)) which is less than the required tolerance (3x )+ (a.u)), so
the calculations are terminated at step ©. A large number of iterations will
result in an accumulation of computational errors in the matrices of the
calculated quantities. Therefore, we stopped at step °. In our calculation
we added the correlation corrections. Since we have YY eigenvalues of
half filled with electrons, the full number of the possible configurations is
Yov (V1'+1). All of these configurations are considered in the present
calculations using Mgller-Plesset perturbation theory discussed in section
(Y. 0)),

Table (¥.¥): The successive total energy calculated in each iteration

in the present work.

Iteration no. Total energy (a.u)
. SYAY AVo g
) SYAYTVITAAT
Y SYAYE . AYAS
¥ SYAYE.¥4.44
¢ SYAYE L EY T
o YAYE EVYO

The total energy of the crystal has a minimum value at the
equilibrium lattice constant as shown in Fig (¥.Y). The equilibrium lattice
constant is at the bottom of the total energy curve and its value is in good

agreement with the experimental value as shown in Table (¥.¢).
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Fig (¥.Y): Total energy of («—Sn) as a function of lattice constant

after taking the correlation corrections into account.

F. 2 The Cohesive Energy

The cohesive energy is calculated from the total energy of the large
unit cell. Since the large unit cell is composed of A atoms, the cohesive

energy is given by [' Y]

E.,=E'/8-E E, (*.))

free

Where Ef. IS the free atoms sp shell energy. Its value is equal to
(AY.YYY eV) for tin [V1].

E. is the vibrational energy of ground state. Its value is (+.+ Y eV) [VV].

The calculated value of the cohesive energy is in good agreement
with the experimental value as shown in Table (¥.¢). The relation
between the cohesive energy and the lattice constant is shown in
Fig (¥.7).

Fig (¥.¥): Cohesive energy of (a.—Sn) as a function of lattice constant

in the present work.
F. 7Band Structure

The band structure and the electronic properties of grey tin crystal
are calculated by using the procedure of section (¥.V). These are listed in
table (¥.¢) in comparison with other results [ ¢]. It is interesting to note
the effect of INDO and correlations corrections on CNDO calculations.

This is shown in Table (¥.°) using our parameter set. It can be noted that
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the effect of INDO or INDO + correlation corrections are in the same
direction in some of the listed properties and in opposite direction in the
others. It is obvious that the value of the cohesive energy determined by
INDO + correlation corrections is in good agreement with the
experimental value, whereas the cohesive energy value evaluated from
CNDO method differs markedly from the experimental value. By using
INDO and correlation corrections the hybridization state tends to increase
the s state occupancy. The eigenvalues of the high symmetry points are
shown in Table (¥.1). The high symmetry I' and X points which are

listed in this table are explained in section ().7).

Table (¥.¢): The band structure and electronic properties of grey tin
crystal in the present work compared with other results

[' ¢] and experimental data.

The property Ref [ ¢] This work Exp.

Lattice constant (a.u) VY.V VY. vay YY.YIY V]

Cohesive energy (eV/atom) ) AREX: YAE[Y]

Valence band width (eV) Yl VYAV

Direct band gap (eV) A y.va@

Conduction band width (eV)

Hybridization state

Neighbors included

% Spin-orbit corrected
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Table (¥.¢): The band structure and electronic properties of grey tin
crystal using the parameters of the present work for
CNDO calculations and for INDO and INDO+correlation

corrections.

INDO
The property CNDO INDO _
+Correlation
Cohesive energy (eV/atom) A7 Y.AY AR
Valence band width (eV) RS JANER VYAV
Direct band gap (eV) Y.YY V.0 y.va
Conduction band width (eV) ¢.04 ot oY
Hybridization state s ptt | s s ptT

Table (¥.1): Energy bands of grey tin crystal in eV at I' and X high
symmetry points compared with other results [ ¢], and
with the experimental data for some of these high

symmetry points.

Symmetry points Ref [ ¢] This work

r‘\ -\'kg -\Ygi

Xy LY VA

Xiv -V.ﬂ

FYo vt

I'y YA

X\C
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r.vValence Electronic Charge Densities

The charge density for each valence band can be written as [Y]

NOEDY

¥, () (*.Y)

Where the summation is over all states in the Brillouin zone for a given
band n. The total charge density can be obtained by adding the charge

density from all valence bands, that is
p(N=>p, (Y.¥)

Where the sum is over all the occupied bands. The total charge density

can be calculated as the expectation value of the charge density operator

>a(r-n) [*)]

p(r) = <‘P‘Z (r—r)

‘P> (*.€)

In our work using the LCAO molecular orbitals wavefunctions, this may

be written as
p(r) = Zzppq(l)p(r)(l)q (r) (T’O)

The charge density for each directions in the crystal can be
calculated. Figs. (¥.¢), (¥.©) and (¥.1) shows the charge density in the

directions [Y++], [+ + Y] and [£+ +] respectively.

i
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CHAPTER <. DISCUSSION, CONCLUSIONS AND SUGGESTIONS

4.1 Discussion of the Results

¢.1.) The Empirical Parameters

The value of the parameter %(ISJFAS) of the solid in the present

work is less than the same value of the free atom [ Y], this means that the

electrons of s orbitals of the solid are less connected to their atoms than

in free atom. The value of the parameter %(Ip +A,) in solid is always

grater than the value of the same parameter of atom. The difference
between these values of parameters for solid and atom is a result of the
solid formation requirements for the electrons to change their position to

more convenient positions at the half distance between two neighboring

atoms in a solid. Therefore, the difference between %(IS+AS) and

%(Ip +A,) is always less than the difference between these two parameters

in the case of atom. On the other hand, the value of the bonding

parameter p° of the solid is larger than that for molecule which is given

by Boca [A°]. This can be understood by noting that the number of bonds
in solid is higher, thus the interaction energy is distributed over all these
bonds while in the molecular case this energy is limited in its number and
direction distribution. The value of the orbital exponent determines the
charge distribution of electrons around the nucleus or in the solid. The
value of this parameter for solid is larger than that for atom. This
indicates the contracted charge distribution for solid and the diffuse

charge distribution for atom [YY¥].
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¢ .1.Y The Total Energy

The parameters &,B°, %(IS+AS) and %(Ip+Ap) are varied till we

obtain the correct minimum value of the total energy at the experimental
lattice constant. The variation of these parameters is made after adding
the correlation correction. The value of the total energy of the crystal is
minimum at the equilibrium lattice constant and this value increases
under the effect of pressure and temperature. The crystal potential is
responsible for the variation of the total energy. Therefore, we notice that
when the lattice constant of the crystal decreases with the increase of the
compressive stress, the repulsion between electrons will increase and this
increases the value of the total energy. On the other hand, as the lattice
constant is larger than the equilibrium distance, the value of the total
energy will be higher because the attraction between the electrons and
nuclei decreases, this occurs at the effect of tensile stress and

temperature.
¢ .1.Y The Cohesive Energy

As is obvious from Eq. (¥.)), a correct calculated value of the total
energy gives a correct value of the cohesive energy. This leads to that the
calculated value of the cohesive energy is in good agreement with
experiment results. On the other hand, the calculated value of the
cohesive energy is directly proportional to the value of the total energy,
thus the change in the cohesive energy is similar to the change in the total
energy under the effect of compressive stress, tensile stress and

temperature.
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¢ 1.t The Direct Band Gap

The calculated value of the direct band gap is greater than the
experimental value. This is the same as in the result of other Hartree-Fock
calculations [ ¢]. The larger value of the band gap can be attributed to the
approximations involved in HF method as well as in the present LUC-

INDO formalism. The important approximations are:

(@) The use of equal € and [B° values for s and p wavefunctions.
The difference between bonding and anti-bonding state is directly
proportional to  B°S, where the overlap integral S is a function of

€ . Therefore, the value of percentage difference in £ between s
and p orbitals is Y ¢.¢7 for tin [A1]. Thus, this difference makes an

error in the band gap.

(b) Neglecting the core states will also result in a neglect of its effects
on the distribution of the outer valence electrons. The effect of
core states increases in the high Z elements, so the error in the

band gap increases.

We found that the band gap increases with the increase of the
compressive stress. Generally, the changes in energy bands can be

understood by noting the changes in the energy value of high symmetry

points. The direct band gap is bound by the states I, —I,5. From the
definition of the symmetry points, I, moves up with the decrease of the

lattice constant, thus the increasing of the I, state will increase the band

gap. This is in excellent agreement with Bassani and Liu [YY]. They have

decreased the lattice constant (a) of grey tin in their calculations by an a
mount +.+YTa and have found that relative to I',5, the state I, moves up

by ~+.+© Ry. We found that the reverse is true for the effect of tensile

\KAE
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stress and temperature. The decreasing of the band gap, in this case, is

due to the movement of I, down when increasing the lattice constant of

the crystal. The experimental results for the effect of pressure and
temperature on this property for tin crystal are not available. But for other
semiconductors such as Ge, GaP, GaAs, GaSb, InP, ZnSe and CdS, the
experimental results have shown that the energy gaps of these
semiconductors increase with increasing the pressure and decrease with

increasing the temperature [AY,AA].
¢.1.¢ The Valence and Conduction Band Width

The experimental values of these bands are not available. The
valence band width can be calculated from I; —I,c and the conduction
band width from ~X..-I’, . For many cases, when the lattice constant
decreases the widths of the valence and conduction bands increase, as

introduced by Bernal [A4]. So, we notice that the state I decreases with

the increase of the compressive stress and this causes increasing in the
valence band width. On the other hand, it is expected that the conduction

band width increases with the increase of the compressive stress due to
the increase in the state X:.. But we know that the state I, moves up too.
Therefore, at given compressive stress the change in 1 is larger than
that for X, this makes the conduction band width (~X:.-1, ) decreases
with the compressive stress. The reverse is true with the effect of tensile
stress and temperature, I; moves up, this leads to decrease the valence

band width. I, moves down more than that for X, this leads to

increasing the conduction band width.



CHAPTER <. DISCUSSION, CONCLUSIONS AND SUGGESTIONS

¢ 1.1 Hybrid Crystal Orbitals

Both INDO and correlation correction give an increase in the s
state occupancy, Abdul Sattar, Y423V [YY] found the same effect by using
INDO and correlation correction for C, Si and Ge. On the other hand, we
found that when the lattice constant decreases by the effect of
compressive stress, s state occupation decreases. The pressure
dependence of the s state occupancy shows that electrons under pressure
leave low orbitals (s orbitals) and occupy high orbitals (p orbitals). This
phenomenon is known and leads to phase transitions due to the change of
electronic distribution such as the s-d transition in alkali Metals [ +]. So,
we expect that the electrons change their positions at half the distance
between two neighboring atoms. In the case of the effect of temperature
and tensile stress the s state occupation increases because increasing the
distance between atoms, this reflect the tendency of atoms to return their

atomic configurations'p'.
¢.1.V The Bulk Modulus

The calculated value of bulk modulus is higher than the
experimental value. Furthermore, we have calculated the bulk modulus
without using the correlation correction because this correction leads to
very high value of bulk modulus. So we expect that the correlation
correction does not always lead to an enhancement in the calculated
values. We think that the deviation in the value of bulk modulus,

especially when we use the correlation corrections, comes from the
choosing of the parameters Cand 3. In the choosing of these

parameters, we have desired the enhancement of the band structure of the
crystal. In the same time the best parameters set that may be preferred to
band structure and some properties may cause deviation in the other

properties. Therefore, the error in bulk modulus may be higher as we use
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the correlation correction. Furthermore, we notice that the correlation
correction causes meanders in the curves of the properties when they are
as functions of lattice constant. M.A. Abdul Sattar [ Y] has found that the

parameter € has higher effect on the bulk modulus than the parameter

B° for silicon crystal. This confirms that the calculated value depends on

the choosing of these two parameters.
¢ Y. A Valence Charge Distribution

The valence charge density is determined from the density matrix.
The charge is accumulated along the distance between the atoms. We can
also notice that the overall electron cloud in the region between two
atoms decreases and is compensated by an increase in the spherical
charge distribution around the atoms as the lattice constant increases by
temperature or tensile stress. This can be expected from the hybridized
crystal states that show an increment in the s state occupancy which is of
a spherical shape. The reverse of this case may be expected with the
compressive stress, in spite of that the decreasing of s state occupancy
and increasing the p state occupancy are not shown obviously in their
figures due to the very small changes in the occupancy of the s and p
orbitals. On the other hand, the computed charge distribution is not too
much affected by INDO and correlation correction. The effect of these
corrections is to transform some of the electronic charge from the region

of the bands to the spherical region around the atoms.
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¢.1.4 X-Ray Scattering Factors

The calculated x-ray scattering factors are in good agreement with
the experimental values. We have got this agreement because we have
added the electronic charge densities of the core [£¢A] to the valence
charge density of the crystal. The previous Hartree-Fock calculations
have good results because they have included core states. On the other
hand, we note that the x-ray scattering factors decrease with the increase
of the compressive stress. We think that when the compressive stress
increases, the electronic charge distribution decreases in the near
distances from the center of atoms. thus we show a decrease of the s state
occupation with the increasing of the compressive stress. Therefore, the
result of p¢(r) exp(-iG.r) decreases, and it increases with tensile stress or
temperature because of the increasing of s state occupation. On the other
hand, there are many results of form factors of different elements which
have been calculated as a function of Sin©/A where 6 is x-ray
incident angle and A is the wavelength of the x-ray radiation [¥,Y].
When the factor sin©/A increases the form factors decrease. So,
according to Bragg condition NA =2dsin© where d is the distance
between two parallel planes, the factor sin ©/A is directly proportional
to Y/Yd. When the compressive stress increases the distance (d) will
decrease because of the decreasing in the lattice constant. Therefore, the
form factors decrease. The reverse is true in the cases of tensile stress and

temperature.
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£, Y Conclusions

V. The values of the empirical parameters %(IS+AS) and %(Ip +A,) of
the solid have different values from that of the atom.

Y. The absolute value of the bonding parameters 3° for the solid is

less than that for the molecule because of the high number of bond

in solid.

Y. The value of the orbit exponent (&) determines the charge
distribution in the solid. The value of this parameter is larger than
that for the atom, because it indicates the contracted charge

distribution for solid and the diffuse charge distribution for atom.

¢. The calculated value of the cohesive energy found by INDO and
correlation correction is approximately equal to the experimental
value. These corrections give better result for the cohesive energy
than the result of CNDO.

°. The absolute value of cohesive energy decreases as the
compressive stress or tensile stress or temperature increases. The
cohesive energy is a function of the total energy and the total
energy has a high sensitive to the potential energy of the crystal.
The potential energy of the crystal varies with all the
aforementioned effects. This leads to a decrease in the absolute
value of the total energy and hence a decrease in the absolute value

of the cohesive energy.

1. The calculated value of the direct band gap is greater than the

experimental value. This can be attributed to the neglecting of the
state of the core and using £ and B° to be equal for s and p

wavefunction. The direct band gap increases as the compressive
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RN

stress increases and decreases with the increase of the tensile stress

or temperature.

. The valence band width increases with increasing the compressive

stress. The state T, moves down as the compressive stress
increases and leads to increasing the valence band width. On the
other hand, the conduction band width in this case decreases
because the state T, moves up more than the state X:. The
reverse of these situations happens with the tensile stress or
temperature because the states I3, I, and X:. move in the

opposite directions.

. The s state occupation decreases with increasing the compressive

stress.. When the lattice constant increases by the effect of the
tensile stress or temperature the s state occupation increases. This
reflects the tendency of the atom to retain their atomic

configuration's' p'.

. The calculated value of the bulk modulus is larger than the

experimental value. The parameters £ and 3° and the correlation

correction have high effect on the calculated value of the bulk

modulus.

From the valence electronic charge distribution, it is noted
that the electronic charge density is high at the half distance
between two atoms, and it has a small variation with the pressure

or temperature.

The form factors are in good agreement with the
experimental results. The form factors decrease as the compressive
stress increases and their values increase with increasing the tensile

stress and temperature.
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VY, The tensile stress and temperature have the same effect on
the properties because they increase the lattice constant of the

crystal.

VY We expect that our calculations for the effect of temperature
are not always of good precision because these calculations do not

include the electron-phonon interaction.

V€ Inspite of the large number of approximations in the
adopted model, the optimum empirical parameters give results in

good agreement with the experimental results.
£, rSuggestions

We suggest:

V. Applying the present work calculations to a larger LUC of )1, 1¢
or YYA LUCs to investigate the band structure, optical properties
and effective masses. This will lead to a more detailed band
structure due to the large number of symmetry points that will be

produced, and it is expected that will give more precise results .

Y. Applying other methods of approximations such as modified
intermediate neglect of differential overlap (MINDO) or the
neglect of the diatomic differential overlap (NDDO) for computing
the two-electron integrals. But these levels of approximations need

advanced computers and much greater computing time.

¥. Using the present model with the different LUCs to study the phase

transitions in tin and in other semiconductor such as Si and Ge.

¢, Study of the effect of temperature on the properties of tin or other
semiconductors by considering the vibrational contribution to the

free energy.
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©, Study of the effect of pressure on different semiconductors by
using other methods of approach in quantum mechanics such as

density-functional theory (DFT) calculations.

1. Applying the present work to study the properties of the ionic
crystals and the superconductive copper oxide crystalline

compounds.

V. Study the effect of pressure on some molecules by using ab-intio

calculations.
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Appendix A

The Overlap Integrals and Slater Integrals

To evaluate the overlap integrals, the prolate spheroidal coordinate

system (u,v,¢) is used.

The relations between the prolate spheriodal system and two
spherical polar systems centered at atoms A and B separated by a distance
Rare [Y],

h=So—mv="0 (AY)
rA — R(M2+V) ’rB — R(MZ_V) (AY)

The product of the spherical harmonic functions centered on a and

b in terms of a function of prolate spheroidal coordinates T(u, V).
T(n,v) =0,"(cos0,)6,"(cosOg) (A.Y)

Where |, and |, are the angular guantum numbers for a and b respectively

and

1+ pv cos0, = 1—pv (A
n+v n—v

cosO, =

The final form of T(u,v) can be written as



Appendix B

Two-Center and One-Center Coulomb Integrals in

INDO Approximation

Two center electron-electron interaction integrals of the coulomb

type over Slater s functions have the following form
(N, Ny, Gar Gy R) = [ Q,, @)1, 0y, (2drdi, (B.))

Where the charge distribution Q,, (1) and €2,,(2) are the product

of Slater s function. The two-center integrals are developed for
programming in its final form. These integrals can be calculated using the

formula of the reduced overlap integrals [Y],

Y(Nai Ny Gy Gy R) = &{ [EJ " s(2n, ~1,00,0,0,26,R,0)

(2n)! 2
S I2g) Tt (R B Y
,Z_;‘(an—l)!an(Zj ( )

xs(2n, -1,0,0,2n, —1,0,2C,R,2C,R) }

and the integrals are programmed in this form in the present work. On the
other hand, a general expression for one-center coulomb integrals over

Slater s functions is given by
¥(N2iN5,6a0 5.0) =[ Qo (D) [ 1., (2)dryd, (B.Y)

And finally the form of this integrals can be written by using the

reduced overlap integral as follows,
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