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Abstract

Carbon structures weresimulated for better and deeper understandingof the proper-

ties of the nanodiamond�lms. Thesepropertieswerecomparedwith the experimental

results of di�erent techniques,such as NEXAFS. The simulation was doneby tight-

binding methods of hundredsof atoms.

Is experimentaly observed that CVD nano-diamond�lms growth by deposition

of hydrocarbon rich plasmapresents a structure of corenano-diamondsembeddedin

amorphouscarbon. Consistent omputational simulation of thesestructures, making

possibleto making physical calculations of them, were required in order to deeper

understandingof the prpocessesleading to the graowth of the nano-diamond�lms.

DOS calculationsand the comparisonwith the experimental results of the NEX-

AFS measurespermits deeper understandingof the NEXAFS characteristics. These

calculationswere in good agreement with experimental NEXAFS results.

Development of new computational techniques,making possiblebigger and more

accuratesimulations were developed during this thesis.

A consistent technique of simulate nano diamond coresembeddedin amorphous

carbon was developed in order to simulate the nano-diamond�lms growth in CVD

conditions as in Technion.

A new characterization method for carbon states hibridization was developed,

xiii



conducting to better vizualization of the samples, leading to new insights in the

samplescomprehension.



Chapter 1

In tro duction

1.1 Carb on allotrop es

The stablebondingcon�guration of carbon at ambient conditions is graphite, with an

energydi�erence betweenthe graphite and the diamond of � 0.02eV per atom. Due

to the high energeticbarrier between the two phasesof carbon, the transition from

diamond to the stablest phaseof graphite at normal conditions is very slow. This

transition canalsooccursmorerapidly, whendiamondis exposedto ion bombardment

or high temperature for example.

There are two main methods to produce synthetic diamond from graphite. The

original method is High PressureHigh Temperature (HPHT) is the most widely used

method becauseof its relative low cost. It useslarge pressesthat can weigh a couple

of hundred tons to producea pressureof 5 GPa at 1,500degreesCelsiusto reproduce

the conditions that create natural diamond inside the Earth. Another technique of

HPHT synthesisof diamondfrom carbonaceousmaterialsmakesuseof the short time

compressionand high temperatures achievable during detonation. Various types of

1



2 CHAPTER 1. INTR ODUCTION

carbonaceousprecursorscan be usedin this detonation process,including graphite,

carbon black, fullerenes,organic substances,but amongstthesegraphite is the most

widely used. The secondmethod, using chemical vapor deposition or CVD, was in-

vented in the 1980s,and do nor requirehigh presureand high temperature conditions

to creatediamond crystallites. This is basically a method creating a carbon plasma

on top of a substrate onto which the carbon atoms deposit to form diamond.

Bridging between these two main allotropes of carbon (diamond and graphite)

lie a whole variety of carbon materials which include, among others, amorphous

sp2 bondedcarbon (such as thermally evaporated carbon), micropolycrystalline sp2

bonded graphite (such as glassy carbon), nanodiamond �lms, and amorphoussp3

bondedcarbon (sometimesreferredto asamorphousdiamond), which is structurally

analogousto amorphousSi and is formed during low energycarbon ions deposition.

Another polymorphic form of carbon was discovered in 1985. It exists in discrete

molecular form, and consistsof a hollow spherical cluster of carbon atoms. Each

molecule is composedof groups of sixty and more carbon atoms that are bonded

to one another form both hexagonsand pentagons geometrical con�guration. The

material composedof C60 is known as buckminsterfullerene, named in honor of R.

Buckminster Fuller, who invented the geodesicdome. In the solid state, the C60 units

form a crystalline structure and pack together in a face-centered cubic array [1]. The

discovery that carbon could form stable, orderedstructures other than graphite and

diamond stimulated researchers worldwide to search for other new forms of carbon.

The Japanesescientist Sumio Iijima discoveredfullerene-relatedcarbon nanotubesin

1991. The bonding in carbon nanotubesis sp2, the tubescan thereforebe considered

as rolled-up graphitic sheets[2]. Carbon nanotubes exhibit extraordinary strength

and uniqueelectrical properties,and are e�cien t conductorsof heat, that make them
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potentially useful in a wide variety of applications in nanotechnology, electronics,

optics, and other �elds of materials science.

1.2 Diamond

Atomic carbon has an atomic number of 6 and a 1s22s22p2 electronic ground state

con�guration. The carbon atom's electroniccon�guration is believed to changefrom

its ground state in diamond as follow:

If a carbon atom enters into the structure of diamond its two 2s and 2p electrons

redistribute into four new equal-energy-level orbitals called 2(sp3) hybrid orbitals. It

require a lossof energybut this e�ect is compensatedby a very pro�table covalent

bonding. The angular distribution of the wave functions for thesefour 2(sp3) orbitals

can be illustrated by drawing four lobes whoseaxes are at 109� 280 to each other,

the axesof theselobes thus extend toward the cornersof an imaginary tetrahedron

centered around the carbon atom.

Quantum-mechanical calculations indicate that greater overlap betweenorbitals

results in a stronger covalent bond. The diamond structure represents a three-

dimensional network of strong covalent bonds, which explains why diamond is so

hard.

The diamond structure is cubic with a cube edgelength of a0 = 3:567Angstroms

andcanbeviewedastwo interpenetratingFCC structuresdisplacedby (1/4,1/4,1/4) a0.

The diamond crystal is highly symmetric with a cubic spacegroup F 41=d �3 2=m =

F d3m = O7
h.

Sinceall the valenceelectronscontribute to the covalent bond, they arenot freeto

migrate through the crystal and thus, diamond is a poor conductor with a bandgap
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of 5.48eV.

1.3 Graphite

In going from its ground state to the graphite structure, a carbon atom's electronic

con�guration is believed to changeas follows:

Three of the two 2s and two 2p electronsin carbon's groundstate redistribute into

three hybrid 2(sp2) orbitals which are a mathematical mixing of the s orbitals with

two of the three p orbitals. The angular probabilities for these2(sp2) orbitals can be

represented by three coplanar lobesat 120� to each other. The fourth electronof the

original two 2s and two 2p electrons�lls that p orbital which doesnot participate in

the 2(sp2) hybrid, the lobe for this p orbital being perpendicular to the plane de�ned

by the three 2(sp2) orbitals.

In the graphite structure, overlap occur betweenthe 2(sp2) orbitals of neighboring

atomsin the sameplane. For such neighborsa side-to-sideoverlap alsooccur between

their unhybridized p orbitals. A side-to-sidebonding known as � -bonding results

between these neighbors. The electronsparticipating in this � -bonding seemable

to move acrossthese � -bonds from one atom to the next. This feature explains

graphite'sabilit y to conductelectricity alongthe sheetsof carbon atom parallel to the

(0001) direction. An in-plane nearest-neighbor distance is 1.421Angstroms Normal

to (0001), adjacent sheetsof carbon atoms are held together by the weak Van der

Waalsbondsand separatedby a distance3.40Angstroms. This givessoftnessto the

structure [3] [4].

The crystal structure is describesby hexagonallattice with D 4
6h (P63=mmc) space

group.
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1.4 Graphene

Graphene is a one-atom-thick planar sheet of sp2 bonded carbon atoms that are

denselypacked in a honeycomb crystal lattice. The carbon-carbon bond length in

grapheneis approximately 0.142 nm. Graphene is the basic structural element of

all carbon allotropes including graphite, carbon nanotubes and fullerenes. Perfect

graphenesconsistexclusively of hexagonalcells;pentagonal and heptagonalcellscon-

stitute defects.

1.5 Amorphous structures

The amorphousstructure is characterizedby a high degreeof short rangeorder and

the absenceof long rangeorder. The short rangeorder in amorphousstrcutures can

be seenin bond length, number of nearestneighbor atoms as well as in the angle

between two bonds. At a longer range, there is no periodicity in the amorphous

structure, henceits symmetry is broken, giving isotropic characteristicsto the struc-

ture. Energetically, atoms in the amorphousstructure are not bondedideally hence,

the energyof the amorphousstructure is higher than of a pure crystal. The method

of preparation of amorphousdiamond strongly a�ects the propertiesof the structure.

Two speci�c amorphousforms of carbon commonly appear and can be distin-

guishedby their microscopicand macroscopicproperties:

1. Diamond-like amorphouscarbon, usually denotedby ta � C is characterizedby

a meannumber of nearestneighbors (or coordination number), z = 3:5 � 3:8,

meanbond angleof 110� 115� and a density of 2:9 � 3:5gr=cm3. This ta � C
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is a hard, densematerial mostly madeof distorted sp3 bonds.

2. Graphite-like amorphouscarbon, usually denotedby a � C is characterizedby

high percentage, � 70% to � 98%, of sp2 bonds hence, a mean number of

nearestneighbors, z = 2:9 � 3:2, a bond angleof around 120� and a density of

2:0� 2:7gr=cm3. This a� C is a soft, opaquematerial mostly madeof distorted

sp2 bonds.



Chapter 2

Exp erimen tal techniques

2.1 NEXAFS

NEXAFS (Near EdgeX-ray Absorption Fine Structure) [5] is an element-speci�c elec-

tron spectroscopictechnique which is highly sensitive to bond angles,bond lengths

and the presenceof adsorbates.NEXAFS selecta speci�c atomic speciesthrough its

K-h and proves its bonds to intra-molecular and, to a lesserdegree,extra-molecular

(i.e., surfaceatom) neighbors. Among its capabilities are: the abilit y to detect the

presenceof speci�c bonds in molecules(e.g., C-H bonds in hydrocarbons), the de-

termination of the lengths of theseintra-molecular bonds and the derivation of the

preciseorientation of moleculesand functional groups on surfacesor in solids. By

comparisonwith spectra for freeand chemisorbed moleculesNEXAFS canalsoreveal

wich orbitals are involved in the chemisorption bond.

When X-rays pass through any sort of material, a percentage of them will be

absorbed. Measuringthe amount of absorption with increasingX-ray energyreveals

so-callededge structures, where the level of absorption suddenly increases. This

7



8 CHAPTER 2. EXPERIMENT AL TECHNIQUES

happenswhenan X-ray hassu�cien t energyto freeor excitea bound electronwithin

the material. Usually, small oscillationscan be seensuperimposedon the edgestep.

Thesegradually die away as the X-ray energyincreases.

The oscillations, which occur relatively closeto the edge(within about 40 eV)

are known as NEXAFS (Near Edge X-ray Absorption Fine Structure) or XANES

(X-ray Absorption Near EdgeStructure). The term XANES is more commonlyused

for solids and inorganic complexeswhile NEXAFS is usedmore in conjuction with

surfaces. NEXAFS by convention is usually reserved for soft X-ray spectroscopy

(photon energy less than 1000 electron volts). NEXAFS is distinguished from the

closelyrelated EXAFS (Extended X-ray Absorption Fine Structure) method in that

NEXAFS concentrates on �ne structure within about 30 eV of the absorption edge

while EXAFS considersthe extendedspectrum out to much higher electron kinetic

energies(hundreds of electron volts past the edge). Alternativ ely, one can think of

"N"EXAFS as "Not" EXAFS.

2.1.1 Theory

The fundamental phenomenonunderlying NEXAFS is the absorptionof an x-ray pho-

ton by a core level of an atom in a solid and the consequent emissionof a photoelec-

tron. The NEXAFS principle is basedon the determination of the x-ray absorption

coe�cien t m depending on the photon energyhn at a �xed angle of illumination q.

As the optical excitation of a core level electron requires the binding energyEB as

a minimum photon energy, the transgressionof this energywill coincidewith an in-

creasedabsorptioncoe�cien t. This leadsto the formation of absorptionedges,which

may be indexedby their atomic subshells(K,L,M...).
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The fundamental processeswhich contribute to NEXAFS spectra are: (a) pho-

toabsorption of an x-ray into a corelevel followed by photoelectronemission,followed

by either (b) �lling of the corehole by an electron in another level, accompaniedby


uorescence;or (c) �lling of the corehole by an electron in another level followed by

emissionof an Auger electron.

The resulting core hole is �lled either via an Auger processor by capture of an

electron from another shell followed by emissionof a 
uorescent photon.

The di�erence between NEXAFS and traditional photoemissionexperiments is

that in photoemission,the initial photoelectron itself is measured,while in NEXAFS

the 
uorescent photon or Auger electron or an inelastically scatteredphotoelectron

may also be measured. While direct photoemissionspectroscopy o�ers an experi-

mental approach to to the occupiedelectronic bands of a solid state, NEXAFS is a

technique to characterizesurfacesby evaluation of unoccupiedelectronicstates.

The distinction soundstrivial but is actually signi�cant: in photoemissionthe

�nal state of the emitted electroncaptured in the detector must be an extended,free-

electron state. By contrast in NEXAFS the �nal state of the photoelectron may be

a bound state such asan exciton sincethe photoelectron itself neednot be detected.

Only a su�cien t photon energyenablesthe photoexcitation of a corelevel electron

beyond the vacuumlevel Evac. After 10� 14 the ionizedatom may relax by occupation

of the core hole with an electron from the valenceband (VB), while the generated

energywill normally not beusedfor the emissionof a 
ourescencephoton (probabilit y

1 %), but will be absorbed for the vaccumemissionof an Auger electron(probabilit y

99%) from the valenceband. In caseof insu�cien t energy for the emissionof the

primary electron, it may be excited into a conduction band (CB) level, so that a

similar relaxation processbecomespossible. This spectator processthen results in
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the emissionof only oneAuger electron.

Following the excitation of a core level electron several ways of relaxation are

possible.

Thereby secondaryelectronsaregeneratedwhich undergomultiple scatteringpro-

cessesbeforethey leave the crystal structure as low-energyphotoelelecrons

The e�ect of measuring
uorescent photons,Auger electrons,and directly emitted

electronsis to sum over all possible�nal states of the photoelectrons,meaningthat

what NEXAFS measuresis the total joint density of statesof the initial corelevel with

all �nal states,consistent with conservation rules. The distinction is critical because

in spectroscopy �nal states are more susceptibleto many-body e�ects than initial

states,meaningthat NEXAFS spectra are moreeasilycalculablethan photoemission

spectra. Due to the summation over �nal states,various sum rules are helpful in the

interpretation of NEXAFS spectra.

When the x-ray photon energy resonantly connectsa core level with a narrow

�nal state in a solid, such as an exciton, readily identi�able characteristic peakswill

appear in the spectrum.

2.2 Diamond nucleation with Hydrogen

The diamond phaseof carbon is always contaminated with hydrogen, whether it is

natural or an arti�cial polycrystalline diamonobtainedby ChemicalVapor Deposition

(CVD). In recent years, high-pressure,high-temperature chemical vapor deposition

production of diamond have been developed to facilitate diamond growth at sub-

atmosphericpressures[6], typically applying a hydrocarbon-hydrogenplasmaover a

sillicon substrate held at � 1000o to 1100oK while being nagatively biasedto � 100
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to 200V (Bias EnhacedNuclation, BEN). Diamond growth on diamond is relatively

well understood and controlled, while diamond growth on sillicon requiresa nucle-

ation step that is much lessunderstood and relies largely on trial and error.
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Chapter 3

Simulation Techniques

3.1 Ab-initio

Ab-initio , from latin, 'From the beginning'. The Ab-initio technique is basedon

�rst-principles density functional theory, without any adjustable parameters,hence,

is known to begeneralized,reliableand accurate. This technique involvesthe solution

of the Schr•odinger's equation for each electron in the system, in the self-consistent

potential createdby the other electronsand by the nuclei. This method is known to

be very expensive in terms of CPU time.

3.2 LCA O calculations

In atoms the electronsare tightly bound to their nuclei. If the atoms are so close

that their separationsbecomecomparableto the lattice constant in solids,their wave

function will overlap. We will approximate the electronicwave functions in the solid

13



14 CHAPTER 3. SIMULA TION TECHNIQUES

by linear combinations of the atomic orbitals. This approach is known as the tight-

binding approximation or Linear Combinations of Atomic Orbitals (LCAO) approach.

In covalently bondedsemiconductorsthe valenceelectronsareconcentrated mainly

in the bonds. Thereforethe valenceelectronswave functions shouldbevery similar to

bonding orbitals found in molecules.In addition to being a good approximation for

calculating the valencebond structure, the LCAO method hasthe advantagethat the

band structure can be de�ned in terms of a small number of overlap parameters.The

overlap parametershave a simple physical interpretation as representing interactions

betweenelectronson adjacent atoms.

While the method has beenutilized by many authors, the approach we will de-

scribe follows that of Chadi and Cohen[7].

The position of an atom in the primitiv e cell denotedby j will bedecomposedinto

r j l = Rj + r l , whereRj denotesthe position of the j th primitiv e cell of the Bravais

lattice and r l is the position of the atom l within the primitiv e cell. Let hl (r ) denotes

the Hamiltonian for the isolated atom l with its nucleuschosenas the origin. The

Hamiltonian for the atom locatedat r j l will bedenotedhl (r � r j l ). The wave equation

for hl is given by

hl � ml (r � r j l ) = Eml � ml (r � r j l );

whereEml and � ml are the eigenvaluesand eigenfunctionsof the state indexedby

m. The atomic orbitals � ml are known as Lo{ wdi orbitals [8]. They have beencon-

structed in such a way that wave functions centered at di�erent atomsare orthogonal

to each other. Next we assumethat the Hamiltonian for the crystal H is equal to

the sum of the atomic Hamiltonians and a term H int which describesthe interaction

betweenthe di�erent atoms. We further assumethe interaction betweenthe atomsto

be weaksothat H canbe diagonalizedby perturbation theory. In this approximation
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the unperturbed Hamiltonian H 0 is simply

H 0 =
X

j;l

hl (r � r j l )

and we can construct the unperturbed wave functions as linear combinations of

the atomic wave functions. Becauseof the translational symmetry of the crystal,

theseunperturbed wave functions can be expressedin the form of Bloch functions:

� ml k =
1

p
N

X

j

exp(ir j l � k)� ml (r � r j l );

whereN is the number of primitiv e unit cells in the crystal. The eigenfunctions

	 k of H can be written as linear combinations of � ml k :

	 k =
X

ml

Cml � ml k :

To calculate the eigenfunctionsand eigenvaluesof H , we operate on 	 k with the

Hamiltonian H = H 0+ H int . From the orthogonality of the Bloch functions we obtain

a set of linear equationsin Cml :

X

ml

(Hml ;m 0l0 � Ek � mm 0� nn 0)Cm0l0(k) = 0;

where Hml ;m 0l0 denotesthe matrix element < � ml k jH j� m0l0k > and Ek are the

eigenvaluesof H . When we substitute the wave function 	 ml k we obtain Hml ;m 0l0(k) =
NX

j

NX

j 0

exp[i (r j l � r j 0l0) � k]
N

� < 	 ml k(r � r j l )jH j	 m0l0k(r � r j 0l0) > =
NX

j

exp[i (Rj + r l � r l0) � k]�

<  ml k(r � r j l )jH j m0l0k(r � r j 0l0) >

Instead of summing j over all the unit cells in the crystal, we will sum over the

nearestneighbors only. In the diamond crystal this meansj will be summedover the

atom itself plus four nearestneighbors.

The matrix elements <  ml k(r � r j l )jH j m0l0k(r � r j 0l0) > can be expressedin

terms of overlap parametersfor two diamond atoms. As it will be shown below, for
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a homopolar molecule, there are only four nonzerooverlap parameters. The band

structure can now be obtained by diagonalizingthe Hamiltonian for di�erent values

of k.

3.3 Molecular Dynamics

Molecular Dynamics is a computer simulation technique where the time evolution

of a set of interacting atoms is followed by integrating their equations of motions

in a classicalmany-body system. The classicalcontribution is that the motion of

the constituent particles obeysthe laws of classicalmechanics,notably the Newtons

equationsare solved, for each atom participates in the simulation. This technique

is deterministic: given an initial set of positions and velocities, the subsequent time

evolution is in principle determined.

3.3.1 Semi-empirical poten tials

Usually the potentials which are used in the Molecular Dynamics simulation are

derived directly from obsereved experiments (such the case in the Lennard-Jones

potential or the classicalyColoumb), or by ab-initio calculations. The ultimate goal,

is the reduction of the computational expensefor moleculardynamicssimulation with

a quantum mechemical potential energyfunction.

The question of potentials is a delicate and controversial one. The sameissue

arisesin the context of molecularstatics or in the useof simulated annealingto �nd

optimum con�gurations at a particular temperature. Obviously, the best potential

is found from a quantum mechanical study. This can only be done for a systemof

very limited size,and extremely limited time development. Next best is something
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in the spirit of emphtight-binding moleculardynamics,followed by manybody poten-

tials assembled from �rst principle resultsand experimental measurements. Excellent

agreement betweenmanybody potentials and �rst principle resultscanbe found even

for the caseof carbom, which is not an easysystemto model becauseof the di�erent

bonding con�gurations. Saada,Adler and Kalish found such agreement in a seriesof

calculations concerningthe surfacegraphitization of diamond with judicious use of

Terso�/Brenner manybody potentials. The weakest potentials for generaluseare the

simplepotentials, such asLennard-Jones.Thesearegreat for argon,but do not givea

good approximation to semiconductorsor ceramics.However they do enablestudy of

largesamplesfor long times, development of newmoleculardynamicstechniquesand

validation of temperature maintenancealgorithms. Sometimesempirical correction

were done for the potentials for speci�c elemnts. Terso�[9] and Stillinger-Weber are

other commonchoicesfor potentials.

3.3.2 Tigh t binding Molecular Dynamics

Tight-binding moleculardynamics[10] is a usefulmethod for studying the structural,

dynamical, and electronic properties of covalent systems. The method incorporates

electronic structure calculation into molecular dynamics through an empirical tight-

binding Hamiltonian and bridgesthe gap betweenab initio molecular dynamicsand

simulations using empirical classicalpotentials.

3.3.3 The Tigh t-Binding Mo del

The Hamiltonian of a systemof ion coresand valenceelectronscan be written as:

H = Ti + Te + Uee + Uei + Uii (3.1)
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where Ti;e is the kinetic energy of ions and electronsrespectively; Uee, Uei , Uii are

the electron-electron,electron-ionand ion-ion interactions. For a singleelectron, the

many-body Hamiltonian, (3.1), can be reducedto an electronmoving in the average

�eld due to other valenceelectonsand due to the ion �elds. We can do this because

electronsmove � 102 � 103 faster then ions and each electron moves independently

of the other electronsin the system[11], and experiencesan e�ective interaction due

to the other electronsand the ions.

Let h be the reducedone-electronHamiltonian

h = T + Uee + Uei (3.2)

j	 n i is the nth eigenfunctioncorresponding to the nth eigenvalue, � n such that

hj	 n i = � n j	 n i (3.3)

Here, we represent the wavefunctions j	 n i as linear combination of atomic orbitals

j� l � i :

j	 n i =
X

l �

cn
l � j� l � i (3.4)

where l is the quantum number index and � labels the ions. The cn
l � coe�cien ts

represent the occupancyof the l th orbital located at the � th site. In the generalcase,

the j� l � i basisis not orthogonal:

h� l � j� l0� i 6= 0 (3.5)

Substituting (3.5) into (3.3), multiplying from the left and rememebering that h is

not necessarilydiagonalizedwe introducethe overlapping intergrals S and we get the

secularproblem,

X

l �

h� l0� jhj� l � i cn
l � =

X

l �

� n (� l l0� �� + Sl l0;�� )cn
l � (3.6)
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From a numericalpoint-of-view, the secularproblem(3.6) correspondsto a generalized

linear problem,

hcn = � n (S + I )cn (3.7)

whereI is the identit y matrix, and S is given by

Sl l0;�� = h� l0� j� l � i � � l l0� �� (3.8)

Which represents the non-orthogonaltight-binding model. The useof such model in

a large-scalesimulation is not numerically convenient and is very time consuming,

since the evaluation of the overlapping integrals is neededat each time step of the

simulation and is extremely computational workload. According to L•owdin the non-

orthogonality can be removed, by usinga newset of orthogonalatomic orbitals j' l � i ,

by doing so we reducethe secularproblem to be

hbn = � nbn (3.9)

wherebn = f bn
l � g are the new coe�cien ts of the linear combination,

j	 n i =
X

l �

bn
l � j' l � i (3.10)

and orthogonality,

h' l0� j' l � i = � l l0� �� (3.11)

L•owdin orbitals j' l � i preserve the propertiesof the original non-orthogonalbasisj� l � i .

The lattice is broken into primitiv e cells and the position for an atom in the

primitiv e cell j is decomposedinto r j l = Rj + r l , where Rj denotesthe position of

the j th primitiv e cell. When we have perfect crystals with translational symmetry,
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we can further enhanceL•owdin equationsand expressour wave functions in the form

of Bloch functions

j� kl � i =
1

p
N

X

j

exp(ir j l � k)' l � (r � r j l ) (3.12)

Here we have a summation over all primitiv e cells j in our lattice, l is the orbital of

the � th site and N is the total number of primitiv e unit cells in the crystal.

The calculation of the orthogonal tight-binding model is still computationally

heavy, andsomeapproximations must bemadefor the calculation to betime-e�ectiv e.

The o�-diagonal matrix elements of h' l0� jhj' l � i , l � 6= l0� , are the hopping integrals,

and the on-site elements h' l � jhj' l � i , are the atomic orbital energies. In the tight-

binding approach theseare constants to be �tted using the following approximations:

1. We usea minimal basisset for only the atomic orbitals whoseenergyis closeto

that of the energybandsthat we are interestedin [12]. Hence,in the diamond

simulations we usedonly the 2s (one orbital) and 2p (three orbitals: px , py and

pz) orbitals to describe the occupiedbands.

2. We consider hopping integrals between two atoms seperated by a distance

shorter than a suitable cuto�. Obviously, this must be done to reduce the

number of parameters to be �tted and a cut-o� which includes the nearest

neighbors is appropriate. However, Lowdin functions extend further than the

non-orthogonalfunctions becausethe orthogonalization procedureinvolvesor-

bitals from nearby atomshence,interactions extendingbeyond the �rst nearest
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neighbors have to be taken into account when an orthogonal basisis used.

Using theseapproximations, the o�-diagonal matrix elements of the Hamiltonian

are �tted to the electronic band structure of the equilibrium crystal phase,These

matrix elements are known and were calculated from �rst principle models. Setsof

thesehopping integralscanthusbeobtained for each crystalline structure considered.

3.3.4 Energy Calculations

Once the single-particleenergiesare known by solving the secularproblem given in

(3.9), the total potential energyE tot of a crystalline systemof ion coresand valence

electronscan be written as

E tot = Uie + Uii + Uee = 2
X

k;n

f F D [� n (k); T]� n (k) + Uii � Uee (3.13)

wheref F D is the Fermi-Dirac distribution function and the � Uee contribution corrects

the double counting of the electron-electroninteractions in the �rst term. The sum

over all the single-particleenergiesis commonlyknown asthe band structure energy,

Ebs

Ebs = 2
X

k;n

f F D [� n (k); T]� n (k) (3.14)

with a factor of 2, to take into account the spin degeneracy. The last two terms

appearing in (3.13) are commonly grouped together forming an e�ective repulsive

potential Ur ep = Uii � Uee which is assumedto be short-rangedbecauseof the e�cien t

dielectric screeningoccurring in semiconductormaterials.
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3.3.5 Rescaling Functions

As mentioned, the elements of the Hamiltonian matrix are �tted to �rst principle

calculations for di�erent equilibrium structures [13]. To describe the properties of

non-equilibrium structures, such asamorphoussolidsor liquids, the hopping integrals

and the repulsive energyshouldbe rescaledwith respect to the interatomic distance.

Generally, the equilibrium hopping integral h' l0� jhj' l � i = hl0l can be written as

hl0l (R�� ) = h(0)
l0l f l0l (R�� ) (3.15)

wheref l0l (R�� ) is a scalingfunction of two orbitals l and l' placedon the atomsat R�

and R� , respectively. The constraint on this rescalingfunction is that f l0l (R(0) ) = 1

for R(0) is the equilibrium interatomic distance. The rescalingfunctions proposedby

Goodwin et. al. [14] for Si and later improved for Carbon by Xu et. al. [15] greatly

improve the transferability of the tight binding model to structures not included in

the parameterization. For the rescalingof the hopping integrals

h(r ) = h0(
r0

r
)nexpf n[� (

r
r c

)nc + (
r0

r c
)nc ]g (3.16)

and for the repuslive potential

� (r ) = � 0(
d0

r
)mexpf m[� (

r
dc

)mc + (
d0

dc
)mc ]g (3.17)

In theseGoodwin rescalingfunctions, the parametersnc and r c are the sameas mc

and dc respectively, while with the Xu functions theseparametersare not necessarily

the same. All the parametersappearing in the rescalingfunctions were obtained by

�tting �rst-priciple resultsof the energyversusnearest-neighbor interatomic distance

for di�erent crystalline phases,giving equilibrium setsof hopping integrals for these

structures. In this way, the tight-binding model is transferable to di�erent atomic

environments.
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3.3.6 Simulation Steps

During a MD (Molecular Dynamics)run wecomputethe interatomic forcesF� (where

� = 1; : : : ; Nat ) to move atoms and to generatetra jectories the phasespace. They

can be evaluated from the Tight-Binding Molecular Dynamics Hamiltonian H

H =
X

�

p2
�

2m�
+ 2

X

n
� n f F D (� n ; T) + Ur ep (3.18)

For our practical purposein accordancewith the adiabatic approximation, the elec-

tronic temperature is assumedto be zero, hence,equation (3.18) can be simpli�ed

to

H =
X

�

p2
�

2m�
+ 2

(occup)X

n
� n + Ur ep (3.19)

where (occup) indicates that we just use the electron energies,� n belonging to the

lower half spectrum of the TB matrix (3.6).

The force F� is then given by

F� = �
@H
@R�

= �
@

@R�
2

(occup)X

n
� n �

@
@R�

Ur ep (3.20)

where the �rst term describes the attractiv e force and the seconddescribes the re-

pulsive term acting upon particle � . Ur ep is known analytically as a short-ranged

function of the interatomic distance, and hence,computed trivially . The attractiv e

force, however, is computed numerically using the Hellman-Feynman theorem [16].

By using Eq. (3.9) and Eq. (3.15), the attractiv e contribution acting upon atom �

can be calculatedas

�
@

@R�
2

(occup)X

n
� n = � 2

@
@R�

(occup)X

n
h	 n jhj	 n i

= � 2
@

@R�

(occup)X

n

X

l l0
 �

bn
l 
 bn

l0� h' l 
 jhj' l0� i
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= � 2
@

@R�

(occup)X

n

X

l l0
 �

bn
l 
 bn

l0� hl l0(R
 � )

= � 2
(occup)X

n

X

l l0
 �

bn
l 
 bn

l0� h(0)
l l0

@
@R�

f l l0(R
 � ) (3.21)

Hence, the spectrum of the eigenvalues and eigenvectors of the Tight-Binding ma-

trix needto be computed, respectively, the band-structure contribution to the total

potential energyand the attractiv e contribution to the forces.The exact calculation

must be done at every time-step of the simulation. Sincethe Tight-Binding matrix

can be large, the computer memory holding the matrix must be large as well, and

obviously, the simulation time might be long.

3.4 Annealing and quenching

Simulated Annealing is a stochastic computational technique derived from statistical

mechanics for �nding near-globally-minimum solutions to large optimization prob-

lems. In statistical mechanics, when a systemof atoms, or molecules,is at equillib-

rium at a given temperature T, then the probability PT (s) that the system is in a

given con�guration s dependsupon the energyE(s) of the con�guration and follows

the Boltzmann distribution:

PT (s) =
exp(� E (s)

kT )
P

i exp(� E (i )
kT )

(3.22)

wherek is the Boltzmann constant.

One can simulate the behavior of a systemof particles in thermal equilibrium at

temperature T using a stochastic relaxation technique developed by Metropolis et



3.4. ANNEALING AND QUENCHING 25

al. [17] Supposeat time t, the system is in con�guration q. A candidate r for the

con�guration at time t + 1 is generatedrandomly. The criterion for selectingor reject-

ing con�guration r dependson the di�erence betweenthe energiesof con�gurations

r and q. Speci�cally, onecomputesthe ratio p betweenthe probability of being in r

and the probability of being in q:

p =
PT (r )
PT (q)

= exp(�
E(r ) � E(q)

kT
) (3.23)

If p > 1, that is the energyof r is stricly lessthan the energyof q, then the con�gu-

ration r is automatically acceptedas the new con�guration for time t + 1. If p � 1,

that is, the energyof r is grater than or equalto that of q, then the con�guration r is

acceptedas the new con�guration with probability p. Thus, con�gurations of higher

energiescan be attained.

Sincethe probability that a step is acceptedis a function of the temperature T,

onecanbring the con�guration after a su�cien t number of trials to a local or a global

minimum energy, according to the temperature. Thus, on the basisof the method

described above, the simulated annealingtechnique is applied to minimize the energy

of a systemby suitably chaning the temperature.

In studying such systemsof particles, oneoften seeksto determine the nature of

the low energy states, for example, whether freezing producescrystalline or glassy

solids. Very low energycon�gurations are not common,when consideringthe set of

all con�gurations. However, at low temperatures they predominate, becauseof the

nature of the Boltzmann distribution. To achieve low energy con�gurations, it is

not su�cien t to simply lower the temperature. One must usean annealingprocess,
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wherethe temperature of the systemis elevated, and then gradually lowered,spend-

ing enoughtime at each temperature to reach thermal equilibrium. If insu�cien t time

is spent at each temperature, especially near the freezingpoint, then the probability

of attaining a very low energycon�guration is greatly reduced.

3.5 Densit y of states

In statistical and condensedmatter physics,the density of states(DOS) of a system

describes the number of states at each energy level that are available to be occu-

pied [18]. A high DOS at a speci�c energy level meansthat there are many states

available for occupation. A DOS of zeromeansthat no statescanbe occupiedat that

energylevel.

Waves, or wave-like particles, can only exist within quantum mechanical (QM)

systemsif the properties of the systemallow the wave to exist. In somesystems,the

interatomic spacingand the atomic charge of the material allows only electronsof

certain wavelengthsto exist. In other systems,the crystalline structure of the material

allows waves to propagate in one direction, while suppressingwave propagation in

anotherdirection. Wavesin a QM systemhavespeci�c wavelengthsandcanpropagate

in speci�c directions,andeach waveoccupiesa di�erent mode,or state. Becausemany

of thesestateshave the samewavelength, and thereforesharethe sameenergy, there

may be many states available at certain energy levels, while no states are available

at other energylevels.
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3.6 k-sampling

For a periodic system,the k points appearing in the wave function belongto the �rst

Brillouin zone,by virtue of the Bloch's theorem. In the caseof sampleswith defects,

which are by de�nition aperiodic, the cell that contains the defects is periodically

repeated,using periodic boundaries.The Bloch theorem can be thereforeapplied to

this supercell, the dimensionof the Brillouin zonebeingdeterminedby the dimension

of the supercell itself, i. e. the larger the supercell, the smaller the Brillouin zone

should be.

To calculatethe energyband,or the chargedensity for example,the sumover these

k points has to be done. Therefore,choosinga su�cien tly densemeshof summation

is crucial for the convergenceof the results. Monkhorst and Pack [19] proposeda

schemewherethe k are distributed homogeneouslyin the Brillouin zoneaccordingto

k = x1b1 + x2b2 + x3b3

whereb1; b2; b3 are the reciprocal lattice vectors,and

x i =
l

ni
; l = 1; :::; ni

whereni are the folding parameters.

Usually, total energiesof di�erent structures are compared.Therefore, if the two

structures have the sameunit cell, the sameset of k-points should be used. Since

only the di�erence in the energiesof the two structures is required, possibleerrors

from a non-converged k-point sampling may cancelout. The computational e�ort

could thereforebe reducedby using a carefully chosenand small k-point set.

Alternativ e methds for choosing k-point mesh were been proposed. Chadi and

Cohen[20] proposedto choosethe k-point meshon the basisof "shells" analysis.
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3.7 Coordination num ber

Amorphouscarbon solids(ta � C as well as a � C) are characterizedby the sp3=sp2

ratio between fourfold atoms sp3 and treefold atoms sp2. Each sp3 bonded atom

has four nearestneighbors separatedby a distanceof approximately 1.54. Each sp2

bondedatom hasonly three nearestneighbors separatedby a shorter distance. Thus

the method of distinguishing betweensp3 and sp2 sitesusedin this work is basedon

determination of the coordination number of each atom.

In order to de�ne the coordination number,the radial distribution function g(r ) of

the carbon structuressimmulated is calculated. For each atom number, i , its distance

r ij to an atom number j is calculated,for j running over all the atoms of the crystal.

Traditionally, if this distance is in a radius restricted to the interval from r to

r + dr (de�ned by a previously assumedparameter), the label of the atom j and

it's distance is stored in the list of nearestneighbors of the atom i . Afterwards the

number of atoms (bonds) in each list is summedand the the atom is characterized.

A new method for charcterize the folding of the carbon atoms was developed in

this thesis. The distanceof each atom i to another j atom in the crystal is calculated.

Then the distancesare sorted in ascendingorder. This list of distancespresents clear

blocks corresponding to the nearestneighbors, the 2nd order neighbors, etc. Then

only atoms that do not present signi�cativ e variancesfor the distancesin this block

are counted as part of the n neighbor.

The advantageof this methiod is that no previousassumptionsareconsideredand

distorted statesare clearly identi�ed. It allows precisemeasuresof the bond lenghts

and their variations. The gap for amorphouscarbon appearsnaturally as samethe

di�erences betweenhybridization states bond lenghts are emphasized.Clearly, this
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method can be usedfor another type of atoms, without previousknowledge.

The two methods were usedwith the statistical way leading to improved charac-

terizations and enhancedvisualizations.

The angular distribution function g(� ) was also calculated. The anglesbetween

the atom i and each pair of its nearestneigbors are accumulated in the list of angles.

3.8 Perio dic boundary conditions

The goal of the computer simulation is to describe the behavior of macroscopicsys-

tems that contain an order of 1024 particles. Obviously, this cannot be done by the

moleculardynamicstechniquewith any currently envisagedcomputer. Consequently,

placing the boundary atomsat some�xed siteswill irremediably in
uence the atoms

in the bulk after a short time, giving rise to undesiredresults.

One way to overcomethis problem is to useperiodic boundary conditions. When

they are applied, a particle that crossesa face of the simulation box, is reinserted

at the opposite face. The primary simulated box is then periodically replicated in

all directions to form a macroscopicsample. Thus, the neighbors that surround it

and the forcesapplied on it would be di�erent to thosein the caseof �xed boundary

conditions. Oneof the main consequencesof this kind of boundary conditions is that

it will give rise to energyre
ections from the boundaries,which can be helpful in the

caseof amorphouscrystal simulation [21] [22].
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3.9 Visualization

Visualization was essential for development of this project. The Computational

PhysicsGroup at the Technion developedthe Atomic Visualization packageAViz [23].

This is a very powerful visualization tool which helps to enhance3D perception. It

includesvariousoptions, which let oneto rotate the still sample,changerelative sizes

of atoms, create animations and movies, add and remove the bonds and borders of

the sample,usecolor coding, slice the sampleand much more.

The Atomic Visualization package (AViz) was used extensively in all stagesof

this work. A visualization of our amorphouscarbon sampleswith color coding for

di�erent atomic bonding helped indentify clusters of either sp2 or sp3 coordinated

atoms, rings, graphite-like planes.

Many programsand techniquesfor increasingthe power of AViz and to makeeasier

to work with input and output �les were developed. Someof theseare described in

[24],[25],[26], [27].

3.10 Plato

PLATO [28] [29] is basedupon the useof short-rangedatomic like orbitals for den-

sity functional theory (DFT) calculations. The orbitals are generatedby con�ning

atoms within spheres,theseorbitals are then smoothed so that the �rst and second

derivatives go to zero at the boundary. This forms a very e�cien t basisset that is

ideal for treating large systemswithin DFT.

The PLATO code waswritten by Steven Kenny at LoughboroughUniversity and

Andrew Hors�eld at UCL.

PLATO was used for Molecular Dynamics and for Molecular Dynamics Tight
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Binding simulations.

PLATO was introduced during this thesis to the Computational Physics Group

at the Technion.

PLATO input and output �les are very big and di�cult to work with. The need

of creating many simulations and to import and export data to the visualization

program, AViz,required the development of an auxiliary machinery in order to work

e�cien tly and to reach the desiredresults. Auxiliary programsweredeveloped using

C, AWK and Python.
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Chapter 4

T ypi�cation

4.1 Recharacterization

The processof graphitization of diamondsamplesis known. The newcharacterization

method was usedin order to producenew visualizationsof a previouswork of David

Saada[30].

The machinery developed for this thesiswas tested in thesesamples.

A damageddiamond samplecomposed5120atoms was annealedas seenin Fig-

ure 4.1. After the annealingwe can seethe graphitization processclearly. This clear

picture wasobtained with the newcharacterization method. With the classiconethe

results are lessclear.

A view at the center of the sampleshows the graphitic planesin Figure 4.2.

33
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Figure 4.1: A sampleof 5120carbon atoms, in a diamond structure, after damage
and after annealing.

Figure 4.2: A sampleof 5120carbon atoms, after damageand after annealing.
Center cut (x axis)
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Figure 4.3: 6x6x6 cells in the center, after damageand after annealing.

4.2 Cutting the sample

In order to make new calculations a part of the samplewas taken from the original

one. This was done using the Python tools. In Figure 4.3 we can seea 6x6x6 units

cells taken from the original samplethat present clearly the graphitic planes.
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Chapter 5

Results

5.1 Calibration

In order to study the di�erences betweenthe di�erent programsand techniques,and

in order to know the sizeof the samplesand the time required for the calculation,

many regular samplesof carbon con�gurations wereprepared. Among them, samples

of pure diamond, graphite, graphene,with di�erent sizeswere prepared.

5.1.1 DOS, LDOS and RDF calculation in di�eren t regular

samples

Many sampleswerecreatedin order to study the Density of States(DOS) and Local

Density of States (LDOS) of di�erent con�gurations of carbon atoms in di�erent

orderedstates.

The �rst objective was to check the consistencyof the results obtained by the

calculation comparingdi�erent methods and getting the optimal parametersfor more

signi�cativ e results in the limits of disponible computational time and power.

37



38 CHAPTER 5. RESUL TS

Theseresultswereveri�ed with theoretical resultswhensuch data wereavailable.

All the graphicsof DOS and LDOS in this chapter represents the Energy (eV)

in the x axis and the DOS (arb. units) in the y axis.

5.1.2 Diamond

The density of states of a 64 Carbon atoms in a diamond con�guration was calcu-

lated using two tight binding methods: orthogonal tight binding and the Frauenheim

method.

We can seein Figure 5.1 a good correspondencewith both methods and seethat

the smoothnessof the curve is increasingwith the number of K-points used in the

calculation.

Di�eren t methods for calculation of the K-points were compared: geometrical,

Monkhorst-Pack and calculation in the special Gamma point were done. From the

analysisof Figure 5.2 we can seethat the results are similar for all methods when

the number of K-points increase.Furthermore increasingthe quantit y over 3x3x3,27

K-points results in a much longercomputational time without producing a signi�cant

increaseof the result quality.

In addition, the raise in the number of K-points can be used in order to reduce

the number of atoms in the calculations.

For rapid prototyping, calculationsin the Special Gammak-point can be enough,

using either more K-points or raising the number of atoms in the samplein order to

get more preciseresults, as we can concludefrom Figures5.3 and 5.4.

We can seethat increasingthe number of atoms in the sampleover the 512atoms

doesnot producesigni�cant improve of the results in spite of the computational time

that was much longer.
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Figure 5.1: Orthogonal and FrauenheimDOS comparison.

Figure 5.2: Special vs Monkhorst-Pack K-point selection.
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Figure 5.3: Variable number of K-points comparison.

Figure 5.4: Dos scalingvariation with the number of atoms.
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Figure 5.5: NEXAFS for CVD diamond

Theseresults were crucial for choosingthe sizeof further samples.

Dos calculationsresults can be comparedwith experimental NEXAFS results for

CVD diamond in FIgure 5.5.. We can observe good qualitativ e agreement between

them. The simulated samplespectrum is broader(goesfar in E) than the experimen-

tal NEXAFS.

5.1.3 Vacancy DOS Comparison

Sampleswith missing atoms (vacancies)in the diamond lattice presents di�erences

in the DOS and LDOS calculation. Vacancycon�gurations with variable number of

defectswere calculated.

A characteristic blip appearsin the band gap of the DOS calculation, correspond-

ing to the newenergycon�gurations dueto the vacancy. This canbeseenin Figure 5.6
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Figure 5.6: Vacancyin Diamond DOS Calculation

5.1.4 Graphite and Graphene

Di�eren t sizeof graphite sampleswere preparedand DOS calculationswere carried.

Thesesampleswere calculated only with Plato. As part of this work, Oxon results

were comparedand were found to be not reliable. This is another reasonfor which

Plato was chosenfor this work.

DOS results for the graphite can be seenin Figure 5.7.

Dos calculationsresults can be comparedwith experimental NEXAFS results for

Highly Pyrolitic Graphite (HOPG) in FIgure 5.8.. We can observe good qualitativ e

agreement betweenthem. The simulated samplespectrum is broader (goesfar in E)

than the experimental NEXAFS.

Grapheneis only one sheetof graphite. A graphenemodel can be seenin Fig-

ure 5.9. This model was built in order to check the results of the RDF calculations.

DOScalculationsfor 128C atomsin onegraphenesheetcanbeseenin Figure 5.10.
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Figure 5.7: Graphite DOS Calculation for 512C atoms

Figure 5.8: NEXAFS for HOPG
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Figure 5.9: One graphenesheet.
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Figure 5.10: DOS for a graphenesheet.

5.2 Amorphous Carb on

Our objective wasto simulate nano-diamondcoresin a matrix of amorphouscarbon.

These samplesare an important step to study micro and nano crystalline dia-

mond �lm formation by chemical vapor deposition (CVD) methods. In addition,

they played a fundamental role in the study of the hydrogen function in the nano-

diamond formation by CVD.

Amorphous carbon structures were built in order to check the properties of our

sampleswith experimental NEXAFS results. The building processwascarried in two

stages.An initial pure diamondsamplewasmelted and quenched afterwards. Due to

the long computational times neededto simulate this process,Molecular Dynamics

methods with empirical potentials were used. After melting the sampletemperature

wasreduceduntil the equilibrium wasreached. Di�eren t temperature gradients were

tested.
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During the process,physical properties snapshotswere calculated in order to as-

sure the feasibility of the results and plausibility of the �nal sample.

This way was a must in order to get the samplesin a reasonableperiod of com-

putational time. More accuratealternative methods asLocal Density Approximation

(LDA) and Tight Binding (TB), were consideredbut reached to impractically long

computational times.

The secondstagewasto take the equilibred sampleand relax it usingFrauenheim

or Orthogonal Tight Binding methods to obtain moreaccurateatomic con�gurations.

5.2.1 Pure Amorphous Carb on

Samplesof 512C 5.11atomsin a pure diamondcon�guration with periodic boundary

conditions weremelted using moleculardynamicsin NPT (�xed number of atoms N,

pressure,P, and temperature T).

Intermediate results for di�erent steps(after 5K and 10K steps)in the liquidizing

processof a speci�c sampleare shown in Figures 5.16and 5.15. Table 5.1 shows the

hybridization status of this stage.

The results are consistent with a liquid phase. Further development in time of

the samplesdoesnot present changesin the physical properties. Many sampleswere

donein order to reducestatistical errors.

Then the samplewas cooled until it reached equilibrium conditions. After the

cooling phasethe model wasrelaxedusingTight Binding techniquesin order to reach

even more accurateatomic con�gurations.
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Figure 5.11: 512carbon atoms in a perfect diamond con�guration.

Figure 5.12: 512carbon atoms in liquid phaseafter 5000MD steps.
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Figure 5.13: Correlation numbers 512carbon atoms in liquid phaseafter 5000MD
steps.

Figure 5.14: Correlation numbers of 512carbon atoms in liquid phasewith the
starting state.
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Figure 5.15: Correlation numbers of 512carbon atoms in liquid phaseafter 10000
MD steps.

Nearestneighbors

Nearers Atoms Hybridization

1 223

2 199

3 73 sp2

4 15 sp3

5 2

6 0
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Nearestneighbors
Nearers Atoms Hybridization

1 219
2 211
3 63 sp2
4 18 sp3
5 1
6 0

Table 5.1: Nearestneighbors in liquid phaseafter 10K steps.

Figure 5.16: 512carbon atoms in liquid phaseafter 10000MD steps.
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Nearestneighbors for di�erent seeds

Nearers 12345 23451 34512 45123 Hybridization

1 53 48 41 51

2 132 142 121 124

3 212 237 276 241 sp2

4 115 85 74 96 sp3

5 0 0 0 0

6 0 0 0 0

sp2/sp3 ratio for di�erent seeds

Seed sp2 sp3 ratio

12345 212 115 0.542

23451 237 85 0.359

34512 276 74 0.268

45123 241 96 0.398

51234 233 94 0.403

Calculations of radial distribution function and characterization of the samples

basedin the statistical correlation function can be seenin the tables. Theseresults

are in good correspondencewith the stated in the literature.

DOS results for the amorphoussampleare in Figure 5.17 and can be compared

with the results of the NEXAFS of amorphouscarbon as shown in Figure 5.18.

The good qualitativ e correspondenceof all this data justify the physical coherence

of the processusedto build the amorphouscarbon samples.

The sampleswere pictured using AViz during the di�erent phasesof the process

to facilitate his comprehension.In Figure 5.19 is depicted the �nal con�guration for
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Figure 5.17: DOS calculation for a-C.

Figure 5.18: NEXAFS results for amorphouscarbon.
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Figure 5.19: 512carbon atoms in amorphouscon�guration.

an amorphoussample.The nano-diamondcrystalscanbe seencoloredin blue. While

nearestneighbor distancesare as in regular carbon con�gurations, there is no long

rangeorder for greater distances.

The characterization of the samplewasdonewith the statistical correlation num-

ber method in order to avoid presumptionsabout distancesand angles.

5.3 Mixed samples

The objective of thesesamplesis to simulate crystalline diamond �lm nucleation and

growth by ChemicalVapor Deposition (CVD) methods. Wasexperimentaly observed

that these �lms consist in coresof nano-diamondembedded in amorphouscarbon.

Nano-diamondcoressurroundedby amorphouscarbon were simulated by preparing

samplesasin the previoussection,but with someof the carbon atomsin the diamond

con�guration during the melt and posteriorquenching process.The initial samplewas

equilibrated by moleculardynamicsand then relaxedusing Tight Binding methods.
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Figure 5.20: 512carbon atoms in Diamond con�guration. The bondedatoms in
blue are mobile.

5.3.1 Making amorphous nucleus in diamond crystals

Initial samplesof 512carbon atoms in a perfect diamond con�guration were melted

and later quenchedwhensomeof the atomswerepinned, not allowed to move, during

the simulation. Variables radius spheresof mobile atoms were simulated and trans-

formed into amorphouscarbon. The outsideshell of pinned atomsstayed in diamond

con�guration, seeFigure 5.20. Due to the periodical boundary conditions applicated

to the sample,theseatoms form grainsof nano-diamondinsideof an amorphouscar-

bon matrix. The size of these coreswas regulated with the radious of the sphere

limitating the quantit y of atoms included on it.

The state after quenching and relaxation canbeobserved in Figure 5.21. Diamond

like atomsarecoloredin blue, and the bondedatomsare in the amorphouspart. Blue

bondsare sp3bonds,greenbondsare sp2and yellow bondsrepresent bondsbetween

atoms in di�erent (mixed) hibridized states.

Table?? shows the hibridization statesfor the wholesampleand comparedto the

previous state as perfect diamond. In Table ?? we can seethe hibrization state of
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Figure 5.21: 512carbon atoms after liquidizing and quenching a centered sphere.

Nearestneighbors for di�erent seedsand regular diamond
Nearers 12345 23451 34512 45123 Diamond 512 Hybridization

1 27 26 25 22 22
2 148 162 150 155 147
3 74 53 85 59 0 sp2
4 248 259 230 265 343 sp3
5 14 9 21 10 0
6 1 3 1 1 0
7 0 0 0 0 0
8 0 0 0 0 0

Table 5.2: Hibridization statesin the samplefor the melted-quenched spheresample.

the atoms only inside the sphere,resalting the amorphousstate of such atoms. DOS

and LDOS for di�erent atomscalculationswerecarried and are shown in Figure 5.22

All the calculationswerecarried many times inm order to reducestatistical errors.

The results are very consistent as shown -n Figure 5.23for �v e di�erent samples.

5.3.2 DOS comparisons

DOS calculations for all the sampleswere compared. Diamond, amorphouscarbon,

and mixed sampled DOS were ploted together in Figure 5.24 The mixed sample
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Nearersneighbors in the sphereonly (seed12345)
Nearers Atoms Hybridization

1 3
2 8
3 56 sp2
4 45 sp3
5 1
6 1
7 0
8 0

Table 5.3: Hibridization number of the atoms inside the amorphoussphere.

Figure 5.22: DOS of a-C spherein a diamond.
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Figure 5.23: Diamond and various mixed samplescomparison

presents combined characteristicsof the diamond and amorphouscarbon sample.

5.4 Hydrogen in Diamond

Hydrogen is an essential component of the gasmixture usedfor nano-diamond�lm

nucleation growth by Chmical Vapor Depositiion (CVD). Then the role of the hydro-

genin the formation of such �lms is extensive investigated. Diamond �lms formedby

diamondcoresembeddedin amorphouscarbon matrix createdby CVD show high hy-

drogenretention properties. As an initial stepin the the study of such �lms, Hydrogen

atoms were added to a diamond sampleand DOS and LDOS calculated. Two sam-

pleswereprepared: onewith a singlecentered Hidrogenatom and another with four

hydrogenatoms. SeeFigure 5.25DOS for the samplewith four atoma and LDOS for

regular and hydrogenatedCarbon atoms is shown in Figure ??. Comparisonbetween

DOS to both samplesis shown in Figure 5.27
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Figure 5.24: Diamond, mixed and a-C DOS comparison

Figure 5.25: Hydrogencagedin 512carbon atoms in a Diamond con�guration. One
and four hydrogenatoms.
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Figure 5.26: DOS calculation for a Diamond with and H atom and LDOS for
regular and hydrogenatedatoms.

Figure 5.27: DOS comparisonfor oneand four hydrogenatoms.
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Chapter 6

Discussion and Summary

A new characterization method for hibridization states of carbon was developed.

This method basedin statistical analisysof distancesand anglesmake no a priori

assumptionsof the these values. The method is more accurate than using cut o�

valuesand leadsto newinsights of samplescomprehensionand improvedvisualization.

Old samplesvisualization was improved using the new method.

New programs, making possiblemore accurate caculations and bigger samples

were developed and introduced. Many auxiliary tools were developed in order build

more interesting simulations and to make deeper analysysof the new results. Work-

ing with bigger samplesand expandingthe limits of the simulations, stressedthe old

techniquesand program usedin the Computational Physicsgroup. Thesedevelope-

ments make possibleto start a new type of simulations and computational physics

studies.

A new type of samples,the mixed sample, was created in order make possible

the studies of new phenomena,as the Chemical Vapor Deposition growing of nano-

diamond �lms as done in the Technion. Practical ways to build and study this type

61
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of sampleswere developed.

Visualization techniquesusing AViz were improved using more properties of the

program and developed tools to make most of this posibilities. This techniqueswere

usedalso in other projects.

From the results is evident the conectionbetweenour Tight Binding simulations

DOS calculationsand the NEXAFS results.

In addition the results of Radial Distribution Function from the samplesand

the hybridization states radio received, givesanother indication that our models for

amorphousand mixed sampleshave physical sense.

Mixed samplesresults comparedto experimental data justify the built method

usedto simulate the coresof diamond embbededin amorphouscarbon.

From the comparisonof the DOS plots and NEXAFS plots we can seethat all the

main characteristicsare shared,with good qualitativ e agreement betweencalculation

and experimental results.

Then we canassumethat the relation betweenNEXAFS and the DOS calculation

producedby Tight Binding moleculardynamicswas checked.

Someinitial stepsthrough the study of hydrogenatedsampleswere done.



App endix A

Programming techniques

Many programsin C, AWK and Python were developed during this work.

OXON use was discardeddue to the need of bigger samplesand more precises

calculations. Parallel PLATO was tested.

The need of running long calculations with complex models required a lot of

helpers in order to make it possible. There were many input �les to prepare and

many output �les to analize. In addition, wasnecessaryto convert �les betweenAViz

and PLATO.

An object oriented library that canrun interactively in the Python interpreter was

developed in order to make possiblethe creation and manipulation of thesecomplex

samples.

The baseclassrepresenting an atom is presented below.
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DESCRIPTION

##############################################

#Handles xyz files.

#

# EJW

#

#The input xyz scale is assumedin Armstrongs

##############################################

CLASSES

exceptions.Exception

XyzError

DataPointError

DataPoint

Xyz

class DataPoint

| A datapoint. x, y, z coords and atom type

|

| Methods defined here:

|

| __init__(self, *args)

| Instanciates the datapoint.

|

| Dispatcher.

| Input: A string, a tuple or four separate positional arguments,

| The order is: atomType, x, y, z in all cases.
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|

| __str__(self)

| Datapoint as a string

|

| asComponents(self)

| The Datapoint as 4 separated variables

|

| An accessor function

|

| fromString(self, line)

| Instanciates the datapoint from a string.

|

| fromValues(self, atomType, x, y, z)

| Instanciates the datapoint from separated values.

|

| reducedCoords(self, cellLenX, cellLenY, cellLenZ, offX=0, offY=0,

| offZ=0)

| Returns dp in reduced coordinates in terms of cellLenght and

| offset.

|

| Input:CellLenghts is a tuple (lenght x, lenght y, lenght z)

|

| translateTo(self, newOrig)

| Returns a new DataPoint with coords translated to newOrig.

|
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| Input: the new origin of coordinates.

class DataPointError(XyzError)

| Method resolution order:

| DataPointError

| XyzError

| exceptions.Exception

|

| Methods inherited from exceptions.Exception:

|

| __getitem__(...)

|

| __init__(...)

|

| __str__(...)

class Xyz

| xyz class

|

| Methods defined here:

|

| __add__(self, other)

| Returns a new Xyz composedby all the dp's of self and other.

|

| __init__(self, data, comment='')

| Instance a new Xyz file from a file, or a list of strings or

| DataPoints.
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|

| Dispatcher for fromList or fromFileName

|

| __str__(self)

|

| cellSize(self)

| Returns the size of the cell

|

| cut(self, func, invert=False, *args)

| Returns an Xyz class object with the datapoints for they

| func(dp) is true.

|

| Input:

| func: Boolean function on a datapoint (e.g. prism())

| *args: the arguments for this function.

|

| Use invert = True if you want to complement (invert) func()

| output.

| i.e. the points outside the prism.

|

| Output:

| Xyz class object.

|

| fromFileName(self, filename, comment)

| Reads a xyz file and makes the object.
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|

| Input: filename (string)

|

| fromList(self, dpList, comment='')

| Makesa Xyz object from a list of datapoints.

|

| The number of datapoints is the len of the list.

| Input can be a list of string or datapoints.

| Will work with non-homogeneouslists, but avoid this.

|

| maximum(self)

| Returns the minimumof x, y, z

|

| minimum(self)

| Returns the minimumof x, y, z

|

| prism(self, dp, dp0, dp1)

| Return True if dp is inside the prism defined by dp0, dp1.

|

| Input:

| dp0: lower diagonal point

| dp1: upper diagonal point

|

| toPlatoIn(self, format=0)

| Produces a string in Plato .in representing the xyz
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|

| (from plato .in file)

| format determines the input format for atomic coordinates.

| 0 ==> Reducedcoordinate format in units of the

| translation vectors

| 1 ==> z-matrix format

| 2 ==> (x,y,z) format in units of the lattice constant

|

| translateTo(self, newOrig)

| Returns a new Xyz with each datapoint coords movedby dp.

|

| Input: newOrig is an aux DataPoint representing a new coords

| origin.

| Output: a new Xyz instance.

| No changes the original Xyz

class XyzError(exceptions.Excep tion )

| Base error class in xyz files.

|

| Methods inherited from exceptions.Exception:

|

| __getitem__(...)

|

| __init__(...)

|

| __str__(...)
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