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Introduction

The mechanical properties describe the elastic and plastic properties under defor-
mations.

Under small strains we have an elastic behaviour; the material returns to its
original shape after the load is removed. In this regime the mechanical properties
are full described by the elastic constants of the materials itself. Under larger
strains we observe a plastic behaviour; the material deform permanently without
breaking or rupturing. In this regime the material properties are determined by
the nucleation and gliding of dislocations.

In this thesis I have proposed two novel theory on

1. Anomalously enhancement of the dislocation velocity in silicon carbide (SiC);

2. Mesoscale elasticity in graphite.

The first theory is a milestone on the road to implementing robust, high perfor-
mance SiC devices. Despite the silicon carbide outstanding properties, several
studies report a drawback: as soon as the device starts operating, dislocations
become anomalously mobile and degrade electrical properties enormously.

It is remarkable to observe that up to now no theory has been able to explain
these experimental results. In this study I have studied the dislocation dynamics
in Silicon Carbide and I have proposed a new theoretical model which explains in
detail all the experimental findings.

In particular I have shown why after the devices begin to operate, dislocations
with dangling bonds along the cores become energetically favourable compared
with fully bonded (reconstructed cores) and why only some types of dislocations
are extremely mobile.

The second theory has profound implications for the new field of graphite/graphene
science. First principles density functional calculations within the Local Density
Approximation (LDA) have provided highly plausible results, but the folklore of
interlayer interactions is that LDA does not include an important part of the
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Introduction

physical interaction between layers (the van der Waals interactions) and therefore
should not be relied upon.

This belief is strengthened by the strong disagreement between theory and exper-
iment on the elastic constant value Cy3 (positive for experiment studies, negative
for theoretical studies). The sign of this elastic constant is crucial for the elastic
properties of the material; a positive (negative) value of Cj3 means that under
compression of the parameter lattice ag, the parameter lattice ¢y tend, to expand
(contract). Therefore theory and experiment describe graphite as a material with
an opposite elastic behavior.

In this study I have shown that under deformation graphite tends to bend and these
bending modes introduce a new class of elastic constants, the so-called mesoscale
elastic constants.

Further T have demonstrated that LDA performs excellently for graphite and re-
produces with precision the all elastic properties.

Outline

Chapter 1 will give a brief overview on density functional theory.

Chapter 2 will present the theory of the dislocation velocity in silicon carbide.
Chapter 3 will explain the mesoscale elasticity in graphite.



Chapter 1

Modeling the Crystal:
Theoretical Background

1.1 Introduction

A crystal consist of a periodic array of atoms. An atom is made of a nucleus of
charge Z, surrounded by a number of neutralizing electrons.

Core electrons occupy the filled inner shells of the atom and their main effect is
screening the nuclear charges from the valence electrons. It is, therefore, tempting
to eliminate them by replacing with an effective potential acting on valence elec-
trons. This is the main idea behind the concept of pseudopotentials, which will be
introduced and discussed in a forthcoming chapter of this thesis.

All the main material properties are due to the electrostatic or Coulombic interac-
tions between valence electrons and nuclei of charge Z. Other interactions arising
from the quantum-mechanical character of the electrons are also important. This
is the case of exchange and correlation effects, which act like a glue and without
which the atomic bonds are too weak to explain the solid state phase.

In this chapter I will give a brief overview of the theoretical background used in
this thesis: the density functional theory (DFT).

This theory represents the most efficient way to tackle the quantum many-body
problem and describe period systems or molecules with size up to 1000 atoms.

1.2 The many-body problem

The stationary state of a quantum-mechanical system with Hamiltonian H may
be described by the non-relativistic time-independent Schrodinger equation,

HVU = EV (1.1)
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In the latter equation E is the eigenvalue or crystal energy and W is the
wavefunction describing the system,

U=y (I'l,O'l; rq,09;....,'nN,ON; R17R2, RN) (12)

where r; and o; are the electron spatial and spin coordinates, while R; is the
nuclear coordinates of all the atoms in the system.

For a system of N electrons moving in a field of I nuclei of charge Z, at
sites R,,, the Hamiltonian becomes:

H(r,R) = ——Zv2 Z—VQ Zzlrl—rﬂ

7 ]#z

PN ”;gﬁ' W

e B;ﬁa

(1.3)

R

where all quantities herein are expressed in atomic units (Planck’s constant
h, the electron charge e, the electron mass m and the vacuum permittivity
relation 4meq are sets to unity). In this coordinate system the unit length
is defined with respect to the atomic Bohr radius (1a.u. = 0.529 A) and the
energy with respect to Hartree (27.211¢V).

A more simple way to write the latter Hamiltonian is

H=T,+T,+Vee+ Vi; + Vi, (1.4)
where
ﬁ, ‘A/Z-_Z» : are the kinetic and potential energy operators of the nuclei;
T., V._.: are the kinetic and potential energy operators of the electrons;
i . is the operator describing the interactions between electrons and
nuclei.

Using the full Hamiltonian (equation 1.3) the Schrédinger equation contains
3(Z + 1)n variables, where n is the number of atoms in the crystal. Since
1cm? of crystalline material contains about 5 - 10?2 atoms, even for a light
element like carbon (Z = 6), the number of variables involved is ~ 2 - 10?4
per cm?.

Nowadays, solve this eigenvalue problem is impossible for any system larger
than a single hydrogen atom and some approximations must be made. In
the next section I describe the simplest one, the Born-Oppenheimer approx-
imation, where the motion of electrons and nuclei are decoupled, inspired

by their large difference in masses.
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1.3 The Born-Oppenheimer approximation

The adiabatic approximation or the Born-Oppenheimer approximation is
due to the small ratio between the masses of nuclei M and electrons m
(~ 107°). It is reasonable to assume that the nuclei (heavy) do not follow
the motion of every electron (light), but move only in the averaged field of
all the electrons while the electrons move on a much faster time-scale than
the nuclei.

If we neglect the kinetic energy of the nuclei, the Hamiltonian becomes:

-ﬁe :fe—i_‘//\;—e—i_‘/}i—i—i_‘/}e—i (15)
with the associated eigenfunction ¢ (r, R) satisfying
Ho(r,R) = E.(R)i(r,R) (1.6)

In this equation, PA[e is the total Hamiltonian in the limit M — oo, and it is
usually called electronic Hamiltonian. The eigenvalue E.(R) is the energy
of the electrons in the field of frozen nuclei. Analytically:

E(R) = / (v, R)FL(r, R)dr (L.7)

Within the Born-Oppenheimer approximation the term ‘A/Z-,i becomes a sim-
ple additive constant of the Hamiltonian H, and the eigenvalue E.(R). Then
the total Hamiltonian can be written as:

~ o~ ~ ~ 1 ~
H:He—Hn:He—ZQM V4V, (1.8)

where the term H, is the nuclear Hamiltonian. As the ratio m/M,is small,
Born and Oppenheimer have shown that f[n can be treated as a small per-
turbation. In the zero-order Born-Oppenheimer approximation the electrons
move in the Coulombian potential field of fixed nuclei and we can therefore
decompose the total wavefunction as

U(r,R) = Vg(r) - x(R) (1.9)

where x(R) depends only on the nuclear coordinate R, while ¥(r, R) is the
solution of the electronic Hamiltonian H, (equation 1.5).
Replacing the total wavefunction ¥(r, R) into the Schrédinger equation 1.1

7
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we obtain:

{Z i VAX(R) + E(R)X(R) + Vi (R) - E<R>x<R>} Wn(r)
=2

multiplying all the terms by U%(r) and integrating over all electronic coor-

2]\1/[a (X(R)VEUR(r) +2Vax(R) - Vo Wr(r)] (1.10)

dinates, we have

~

{Z V24 B(R) 4T - E(R)} \(R) =

2M,

+> " \(R) / U (r)VaUg(r)d(r) (1.11)

3 Lvam) / Uy (r) V.l p(r)dr

Bohr and Oppenheimer (1925) have shown that by neglecting the last two
terms of the equation 1.11, we introduce an error in the total energy E not
larger than the square root of the masses ratio m/M.

It is important to note that the Bohr-Oppenheimer approximation breaks
down for Jahn-Teller systems [6] or more in general when a coupling be-
tween electrons and nuclear orbitals occurs. Such even is usually known as
a vibronic state or in some special case Cooper pair |7].

1.4 Hartree Theory

Using the adiabatic approximation the many-electron wavefunction ¢ (r, R)
is the solution of the following eigenvalue equation:

{Te AV Ve,l-} ¥(r,R) = E(R)¢(r, R) (1.12)
if the electrons are noninteracting particles (\A/e_e = 0), the latter equation
can be decoupled in N single-electron equations.

Therefore, it is expedient to study a system of noninteracting particles and
try to include the electron-electron term as a correction. This problem has

been solved with the introduction of the so-called autoconsisten electronic
field (Hartree, 1928).
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In this approximation the potential V,_, is rewritten as an effective potential
of single electron V¥ (r;) which is the electronic mean field due by all the
other electrons,

[ o)l [ nl)
VvH ) = WAL gy = /—Jd . 1.13
=2 [ = 2 g )
J#i Jj#i
The single electron Hamiltonian ﬁHcan be written as
~ 1 9
hy = —§V2 + ‘/eff (I‘Z) (1.14)

with
+ V(1)) (1.15)

s 0= 2 ] o=

Then the Hartree equations are determinated imposing that the total wave-

R.|

functions is the product of the one electron wavefunction, ¢, (r), each of
them subject on its own effective potential.

v (1'151, e >rN3N) = ¢ (1'151) ¢N rNSN H¢z r; 81 (1-16)

and the N single-electron Schrédinger equations for each one electron wave-
function, ¢, (r) become:

(—%V2 + Vers (I')> ¢ (r) = i (r) (1.17)

these equations are called the autoconsisten Hartree equations. The total
energy of the system is then the sum of the respective one electron eigenval-
ues,

E, = Z & (1.18)
i=1

The first application of the autoconsisten Hartree equations 1.17 is due to
Slater (1930). The main and more obvious lack of the Hartree theory is
the Pauli exclusion principle (the single electron functions W (r) must be
antisymmetric with respect to the exchange of two particles). Consequently
this model neglects the exchange effect due to the interaction of two electrons
with the same spin (see section 1.5).
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In particular, if we apply the Hartree theory to the jellium model®, the
solutions of the autoconsisten Hartree equations are the simple one electron
wavefunctions. In this case, the effective potential of single electron V¥ (r;)
is equal with opposite sign to the uniform nuclei potential (Vs (r;) = 0);
therefore the Hartree theory degenerate in the simple Sommerfeld model
(noninteracting electron gas).

1.5 Hartree-Fock Theory

The Pauli exclusion principle was implement in the Hartree theory by Fock
(1930). In order to take into account this principle, the product of the single
electron eigenfunction have to be antisymmetric with respect to the exchange
of two electrons. A convenient way to express this anti-symmetrised product
of the one electron wavefunctions ¢; (r) is the Slater determinant (Slater,
1920),

U (r) =

1 1
VNI : VNI
on (r1) on(r2) ... on(ry)

det |¢)\ (ru)’

(1.19)
with
D6 XoXp = Oap
ox(r) =¢;(r) xo e (1.20)
f o7 (r) oy (r)dr = )y

where Y, is the spin wavefunction, with elements a = ({) for spin-up and
B = (9) for spin-down while ¢; (r) is the orbital wavefunction.

The determinant is guaranteed to be anti-symmetric since exchanging two
of the single electron spin-orbitals will change ¥y (r)by a factor -1 while
the presence of two identical spin-orbitals will result in Uy p (r) = 0.

Using the wavefunction Wy (r) the expectation value of the Hamiltonian

is: N o
Eyp = Z hit 5 Z (Ji; — Kij) (1.21)
=1 i,0=1
where:

'In the jellium model, the ionic lattice is described as a uniform and homogeneous distribution
of positive charge. For this reason is also called Thomson model for solid.

10
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h_/¢ [ Z‘rl R Vi (x)de = (| T, + Vo, i) (1.22)

Ty = //w |_1 i (%) ) (%) dxdx’ = {if| Vi lif)  (1.23)

x|

K, //w g (0 () dxdx = (0| Vi, i) (1.24)

| —X/|

The first term h; is the single-electron matrix element corresponding to the
kinetic and electron-nuclei interaction terms. The second and third terms
are usually called direct Jy, and exchange integrals K, and they represent
the electron-electron interaction [7]. In the second quantization formalism,
it has been shown that the direct term J,, is originated by the creation and
annihilation of one electron with same quantum state, while the exchange
term Ky, is due to the swap of two electron with the same spin.

The exchange energy term can be rewritten as

1 / /
ZaaAaﬂ a#ap//¢A ‘ ’¢ ( )¢P (r)drdr (125)

where the Kronecker delta d,,,, ensures that the matrix is diagonal (elements
with different spins are zero).

The physical meaning of the exchange energy FE, is due to the condition
that two electrons with parallel spins cannot be found at the same point in
space. As a consequence, the average distance separating the two electrons
will be greater lowering the electrostatic repulsion energy by a quantity corre-
sponding to the exchange term. The exchange integral K, has no classical
counterpart and should be regarded as a quantum mechanical correction to
the Coulomb integral J),,.

The total energy of the system can be rewritten as

E = —% ; / ¢ (r) V3¢, (r) dr + /n (r)Voydr+ Eg + E,  (1.26)
with

EH = E/Mdrldrg (127)

2 |I'1 —I'2|

The ground state v is found applying the variational principle to the 1.26

11
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equation (note that the eigenvalues 1)) are orthogonal) using the Lagrange
multiplicator E)y,

E—ZEM/qpiwudr—ZEA{Z/WA\er—l} (1.28)

A#Ep

this equation is minimized with respect to the ¢}, £\, and E), variables.
Then rewriting the equation 1.26, we obtain the Hartree-Fock equation for
each orbital A:

{—%VZ F Vo () + V() + VE(r) — EA} Ua (1) =Y Exathy (r) (1.29)
AFp

with

P () = 5 = L B, (1.30)

T ()i () = 222 = 3" / 8 (r1) s ()

= T07 = ¥, (r1)d(ry) (1.31)

1
r— 1

where V , IA//\I are the Hartree and exchange potentials. Diagonalizing the
equation 1.29 the Lagrange multiplicator F), is removed and the equations
are solved in an autoconsisten way. The total energy of the system E,, is
determinated multiplying the equation 1.29 per ¥} (r) and integrating over
r for all the occupied level A,

Eiw=Y E\—Eyg—E,+E;_; (1.32)
A

where F) is the eigenvalue of the HF equations.

The HF equations are solved in an autoconsisten way. First we start from
an arbitrary sets of wavefunction ¢,, usually the wavefunction of the single
atoms (the Sommerfeld solutions). From the chosen wavefunction we calcu-
late the Hartree and the exchange potential, and from them we solve the HF
equations obtaining a new sets of wavefunctions ¢,. This loop is repeated
until the initial wavefunctions are equal to the final wavefunctions within an
chosen tolerance. The way to solve the HF equations is called autoconsisten
loop.

12
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Discussion

This theory has been applied to several atomic systems, with a relative small
number of atoms.

In general, comparing the HF results to the respective experimental data,
we found that the lattice parameters and the total energy are underesti-
mated, while the normal vibrational modes and the forbidden band gap are
overestimate.

This theory neglected the correlation effect between electrons, i.e. the prob-
ability distribution of the electrons are independed between themself.

The latter neglection has disastrous consequences for several atomic systems.
For instance, the HF theory does not predict the bounded state of fluorine
molecule F,, and when applied to the uniform and homogeneous electron
gas (jellium approximation), the HF theory predicts a zero density of states
at the Fermi energy (non-conductor behavior material). The latter results
suggest that also simple metal systems are not well described by the Hartree-
Fock theory.

Several efforts have been done in order to include the correlation effects in
the HF model. The simplest way to compensate the correlation effects is to
include an empirical correction term in order to reproduce some experimen-
tal data like the ionization energies and/or heat of formation of molecules.
Using this approach we may be able to describe correctly some systems but
we obviously lose the transferability and the beauty of a real ab-initio theo-
retical method. A better approach is the so called configuration interaction
(CI) method, where the total wavefunction is builded as a linear combination
of different Slater determinants. Although in principle the latter method de-
scribes the real eigenfunction of the system, the computational time required
is often too large to describe even small systems (the required computational
time is increasing as N, i.e. doubling the number of atoms N the computa-
tional time become 16 time longer). Nevertheless, the CI method applied to
the HF theory is often used as a benchmark for other theoretical approaches
based on density functional theory (Briddon et al. [85]).

1.6 The Thomas and Fermi model

Thomas (1927) e Fermi (1928) proposed a new scheme based on the electron
density of the system, n (r). This original idea is remarkable in the sense
that it allows us to replace the complicate N-electron wavefunction Wy p (r)
with the simpler electron density n (r).

13
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This model assumes that the electronic properties of a real system are sim-
ilar to those of a non-interacting fermions gas, ¢.e. a classical ensemble of
non-correlated electrons. Although this approach has had a limited success
in reproducing the properties of atomic systems, the Thomas Fermi (TF)
theory represents the first prototype of the density functional theory (both
theories focus on n (r), the electronic density quantity).

The general Hamiltonian of any atomic system can be written as:

:__ZVZ Z|I‘_r’+z (r;) (1.33)

JFi

_ Zm

where v (r;) is so-called external potential due to the interaction between

with
(1.34)

R.|

the electrons and the nuclear frame.

In the Thomas and Fermi approximation, the electron-electron interaction
term V,_. is assumed to be due to the merely Coulombic interactions between
electrons. The latter term expressed with respect to the electron charge n (r)
becomes the found Hartree potential,

% / / pBY) ’(If")_”r(i/)drdr/ (1.35)

Tl = /t in (x)] dr (1.36)

The kinetic energy is given by

where ¢ [n (r)] is the kinetic energy density for a system of non-interacting
electrons with density n (r).

Then the kinetic energy density is derived from the respective value of a
homogeneous non-interacting degenerate electron gas (1" = 0),

3
8T [2m\2 B

3
4 (2mep\ 2 h? [(3n)\?
— = — —_— 1-
"3 ( =h ) ™ (87r) (1.38)

14

where ¢ is

wlot



Modeling the Crystal: Theoretical Background

Using the latter equations and rewriting we obtain the Thomas-Fermi ki-

n(r)

Localy uniform
-
electron gas

dr r

Figure 1.1: Local density approzimation in the Thomas-Fermi model. For each
infinitesimal space region dr, the electron density n(r) of the system is assumed
to be equal to the electron density of a homogeneous non-interacting electron gas.

netic energy functional determined with respect to the density n(r),

3R
~10m

Ty [n] (37%)° /n(r)i dr — cp/n(r>§dr (1.39)

in the atomic unit system the constants Cr is & (37r2)% = 2.871.

Equation 1.39 is the famous TF kinetic energy functional which Thomas and
Fermi dared to apply to electrons in atoms and molecules. Here, we first
encounter one of the main important idea in modern DFT: the local density
approximation (LDA, see section ??). In this approximation, electronic
properties are determined as functional of the electron density by applying,
locally, the respective relations of a homogeneous non-interacting electronic
system.

The total electronic energy, Erp [n,v], can now be written as

Ere[n,v] = /v(r)n(r) dr + Uy (r) + CF/n(r)i dr (1.40)

It is important to note that Erp [n,v] is a functional of the external potential
v(r) as well as of the electronic density n (r), but does not contain any
exchange or correlation terms.

Imposing that the total number of electrons remains constant, the ground-
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state density n (r) is determinated by minimizing the equation 1.40 by solv-
ing the following Euler-Lagrange equation,

5 {ETF In,v] — ,u/n(r) dr} ~0 (1.41)

where p is a Lagrange multiplicator playing the role of the chemical poten-
tial. This is evident from the form of the variational equation,
oE
§{Erp[n,v] —uN}=0 =  pu= Mff (1.42)
The solution of the Euler-Lagrange equation can be written as:

n () = 5 {200 — vegy (]} (1.43
Vesy (r) = v (r) +/ ‘fir;),‘dr/ (1.44)

The latter two equations are called autoconsisten Thomas-Fermi equations.
The form of the above equation reveals the attractiveness of the TEF model.
It allows the determination of n (r) directly from v (r), by-passing the total
wavefunction. This is the main achievement of this theory. Of course, the
choice of v (r) remains problematic.

Discussion

Although the Thomas-Fermi method suffers from a crude treatment of the
kinetic energy (neglecting of exchange energy), this theory contains the two
main ideas of the density functional theory (DFT):

e The quantum-mechanical system is described by the electron density
n(r),

e local density approzimation (LDA); electronic properties are deter-
mined as a functional of electron density of a simple homogeneous
electronic gas system.

This method has been found to give a rough estimative of the real charge
density and the electrostatic potential (with respect to HF and DFT based
method). Further, the charge density is infinite at the nucleus, and it does
not decade exponentially far from the nucleus, but as =% (Gross et al [7]).
Another weakness of the TF theory is the lack of atom shell structures,
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in other word the observed periodic variation with respect to the atomic
number Z is not reproduced; this method predict that the atoms shrink
with increasing atomic number Z (Gunnarsson et al. |9, 10]).

1.7 Density Functional Theory (DFT)

In DFT, the electron density distribution rather than the many electron
wavefunction plays the central role. The essence of the theory is set up in two
pioneering papers by Hohenberg and Kohn in 1964 and by Kohn and Sham
in 1965. The first proves that the electron charge density, n(r), uniquely
characterises the ground state of a system as exactly and completely as the
wavefunction. This is the so-called “basic lemma of Hohenberg-Kohn”.

One of the great advantages of this approach is practicality. DF'T methods
do not handle the two-electron interactions explicitly but rather allow for
them using properties of the one-electron density. The system of N atoms,
which was a 4N variable problem, is reduced to a 3 variable problem. This
leads to lower computational cost and therefore a wider range of applicabil-
ity.

However, it should be pointed out that DFT is a ground state theory. The
unnoccupied states are poorly represented and therefore this theory often
fails in excited state description and band gap prediction.

In the second paper, a set of self-consistent equations are described in order
to solve the many-body problem:

1 Wi
_5 V2 +‘/electron—i0n + 62/ n(r Z df" + VXC(F> ¢1(F) - EZ@Z)Z(F) (145)
r—r

n(r) = Z [:(7)|(1.46)

Viel®) = WO 7)
The equations 1.45, 1.46 and 1.47 are commonly known as the Kohn-Sham
equations. They provide an efficient method to minimize the energy with
respect to electron density. Solution of the Kohn-Sham equations is based
on the variational principle: the correct value of the charge density, n(7), is
the one which gives the minimum energy of the system.
Further approximations are needed in order to give an expression for the
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exchange correlation potential. Exc[n(7)] and Vx¢[r] are the exchange cor-
relation energy and potential, respectively. The main approximations are
the Local Density Approximation (LDA) and the Generalised Gradient Ap-
proximation (GGA).

1.8 Local Density Approximation (LDA) and Gener-
alised Gradient Approximation (GGA)

Both LDA and GGA use the exchange correlation energy of an homogeneous
electron gas to give a tractable expression for the exchange correlation po-
tential of a real system.

In the LDA, the exchange-correlation energy at point 7, ex¢[n(7)], is taken
equal to the the exchange-correlation energy of an homogeneous electron
gas with the same electron density n. The expression for the exchange-
correlation energy takes the form:

Ewﬁ]—/()k@ﬂﬁﬂ+%”h®Hﬁ (1.48)

where ™ [n(7)] and %™ [n(7)] are the exchange and the correlation energy
terms, respectively, of an homogeneous electron gas of density n.

The approximation to a homogeneous gas represents only a mathematical
model, since in all real systems the electronic density is nonuniform. This
approach might not properly account for the fact that the charge density
in a solid varies spatially . However, this approximation has proved to give
very useful results.

The GGA was developed in order to take better into account the nonuniform
electronic density of real systems. The exchange correlation energy in the
GGA includes terms which depend not only on the electron density but also
on its spatial derivative. The expression for the exchange correlation energy
takes the form:

E%ﬁ1—/nmhm[muhﬂ<»wmquﬁ (1.49)

where Fyc is dimensionless and £°™[n(7)] is the exchange energy term of
an homogeneous electron gas of density n.

It should be noted that these two approaches fail in describing long range
electron-electron interactions such as Van der Waals.
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1.9 Pseudopotentials

Electrons in a system can be divided into core and valence electrons. Core
electrons are strongly bound to the nuclei and do not play a part in the
bonding. Valence electrons form chemical bonds and they govern the prop-
erties of the material. Therefore, the Schrédinger equation can be further
reduced by incorporating core electrons into the potential of the nuclei to
form an effective core potential, a so called pseudopotential.

The pseudopotentials are constructed in such a way that they reproduce the
exact all-electron wavefunction at distance from the nucleus greater than a
cut-off radius, r.. Between the nucleus and the cut-off radius the true all-
electron wavefunction varies rapidly with many nodes and requires a large
number of fitting functions to model accurately. The pseudopotential re-
places this core wavefunction by a smooth nodeless function which is easy
to represent numerically. Hence, the corresponding pseudo-wavefunctions
are equal to the true wavefunctions outside the core region. The integrated
charge density inside r. for the pseudo-wavefunction and the true wavefunc-
tion agrees. This is known as norm conservation. This is important because
it insures that the total charge in the core region is correct and that the
normalized pseudo-orbital is equal to the true orbital outside of r..

The radius of the core region determines the quality of the pseudopotential.
Large r. results in quicker calculations but low accuracy. Reducing r. in-
creases the accuracy of the potential. The core radius is usually chosen to be
about half-way between the outermost node and the outermost extremum
of the all-electron wavefunction.

There are three types of pseudopotentials implemented in AIMPRO: Bachelet,
Hamann and Schliiter (BHS) type, Troullier and Martins (TM) type and
Hartwigsen, Goedecker and Hutter (HGH) type [86].

1.10 Basis sets

Since the core electrons have been included in the pseudopotentials, the
wavefunction will only include the valence electrons. The valence electron
wavefunction, ¥, (r), must be expanded in terms of the basis set ¢;(r):

Ua(r) =Y cilr)

7

A

where ¢ are the expansion coeflicients. Usually, the basis set functions are
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plane-waves, Slater type or Gaussian type orbitals.

Plane waves have the general form exp(iéf), where 7 is the position vector
and G is the propagation vector. Their use is equivalent to making a Fourier
transform of the wavefunction. These functions are orthogonal, and the
basis functions are not centred on atoms. They are therefore independent
of the atom positions and do not bias the distribution of charge density. By
including additional plane waves, the quality of the basis set is improved.
However, this increases the computational cost.

Slater type atomic orbitals (STO) have exponential radial parts analogous
to the hydrogen atom in the form exp(—r). The one- and two-electron
integrals can be evaluated analytically in the two centre case. However,
great difficulties were encountered for the 3 and 4-centre cases. Gaussian-
type orbitals have the form exp(—r?). They have the advantage that they
can be evaluated analytically. A single Gaussian function poorly represents
atomic orbitals but larger numbers of them can be used for a more accurate
description. Gaussian orbitals are localised, i.e. the centres of the functions
are placed at the nuclei and sometimes also at bond centres. Bond-centred
Gaussians can improve the description of high-order angular momentum
functions like d- orbitals for carbon and p-orbitals for hydrogen.

The basis set expansion in AIMPRO is done in the form of localised Gauss-
sians in the following form:

6i(r) = (& — Rig)"™ (y — Ryy)"™ (2 — Ryz)"e =1’

where ny, ny and n3 are integers which determine the symmetry of the or-
bitals. The choice of ny, ny and n3 sets the orbital type; ny =ny =n3 =0
gives spherically symmetric s-orbitals, setting one of ny, ny or ng =1 gives
p-orbitals in the =z, y or z directions respectively, while setting > .n; = 2
produces a combination of five d- and one s-orbital.

The advantage of Gaussian orbitals over plane waves is that a small number
of basis functions is required -in this thesis normally 4 radial functions are
used. In the case of atoms such as oxygen, additional radial functions can be
added to the oxygen atom without changing the basis set of the other atoms.
The integration of GGaussian orbitals in calculations of electron-electron in-
teraction can be performed analytically.
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1.11 k-point sampling of the Brillouin zone

When periodic boundary conditions are used, the Kohn-Sham equations are
usually solved in the reciprocal space, or k—space. The reciprocal space is
a mathematical construction orthogonal to the real space. The reciprocal
space of a real space of lattice vectors d, do and a3 is built on the basis of
the vectors bl, bg and bd, where @; - b = 2md;j, 0;; is the Kronecker delta
function.

The wavefunction of a free electron is a travelling wave associated with a
certain value of the wavevector k:

wk x eikf

The value of k describes the periodicity of the wavefunction. The energy
E(k) of a free electron is also uniquely determined by k: E(k) oc k*. The
whole range of possible wavevectors k forms the k—space.

In the case of a crystal, the wavefunction must reflect the periodicity of the
crystal and it takes the form:

Ui(r) = ug(r) - e*7

where uy(r) is a function with the periodicity of the crystal.

The plot of the E(k) as function of k is called the band structure. It is not
single valued, so bands have an index m.

The region of reciprocal space where all eigenstates of an electron are unique
is called the Brillouin zone (BZ) and its shape depends on the symmetry of
crystal.

In a supercell DFT calculation, the Kohn-Sham equations are solved for a
given point k in the BZ. The charge density at each point r in the cell is
found by the sum over all bands m and selected k—points in the whole BZ
taking into account the occupancy f,.; of the each band at the point k:

T) = mek: |¢mk(7ﬂ) 2

The exact estimation of the charge density at each point r corresponds
to an integration over the entire BZ. To optimise the calculations, it is a
common practice to compute a summation over a sampling of points in
the BZ. A careful selection of those “special” points has been proved to be
a good representation of the true result. We used the one developed by
Monkhorst and Pack [79], which is based on equally spaced points along the
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three directions in the reciprocal lattice.

The accuracy of a calculation is related to the density of k—points in the
reciprocal space. Therefore, the smaller is the supercell the larger is the
number of k—points required. It should be noted that the computing time
greatly increases with the number of atoms and therefore, when possible, it
is recommended to reduce the size of the supercell and increase the number
k—points in order to achieve the same accuracy. It is also important to
compute a similar density of k—points along the three directions in reciprocal
space in order to achieve a uniform level of convergence in k. Therefore, the
shorter lattice vector requires the higher number of k—points.

1.12 Geometrical optimization method

The optimised structure and its total energy are found through an iterative
procedure based on the distribution of charge. An initial charge density
matrix is constructed based on the charge density distribution of the isolated
atoms. The Kohn-Sham equation

> (Hi; — ExSy)c; =0
J

is solved to find the wavefunction expansion coefficients ;. These coefficients
are used to calculated the new charge density. If the new charge density
is not equal (or does not fulfil the criteria of convergence required), it is
fed into the equation again and the process is repeated. This process is
called a self-consistent cycle. At the end of the cycle the charge density
obtained by solving the Kohn-Sham equation must be equal to the input
charge density (within a pre-defined tolerance). The final self-consistent
energy is the minimum energy of the system for the given atomic positions.
In order to optimise the atomic positions of the nuclei, the best approach is
to compute the forces acting on each atom. Atoms are moved towards their
lowest-energy positions, and the structure with the minimum total energy
is achieved.

Once the energy has been minimised with regard to the charge density, the
eigenstates are known and the forces acting on each atom can be determined.
The forces are given by the Hellman-Feynman theorem:

oE

Fay=—
Al R4

22



Modeling the Crystal: Theoretical Background

where Fy; is the force on atom A in the direction [, F is the energy and Ry
is the coordinate of the atom A in the direction [.

The atoms are moved essentially in the direction of the force in order to re-
duce the total energy of the system. However, AIMPRO uses the conjugate
gradient method. In this approach atoms are moved along a direction de-
termined from the forces acting on each atom but orthogonal to all previous
directions moved. The energy along the direction of displacement is approx-
imated to a quadratic or cubic function and the amount of atomic motion
is chosen to arrive at the position with the minimum energy. This approach
finds a local minimum but cannot guarantee to find the global minimum.

1.13 Diffusion methods

The aim of diffusion methods is to locate saddle point structures. A saddle
point is a transition structure connecting two equilibrium structures (local
or global minima). It is a minimum in all directions except one, the “reac-
tion coordinate”. Hence, the second differential of the energy with respect
to atomic positions is positive in all directions expect in the direction of the
reaction. A saddle point structure is characterised by an imaginary vibra-
tional frequency, as consequence of this negative second differential, which
connects the initial and final equilibrium structures.

The location of a saddle point can be a greatly time consuming task. It is
particularly difficult in layered materials because the flexibility of the layers
may lead to a cusp in the energy wvs. reaction coordinate profile. A cusp
is indicative of a missing part of the reaction path, i.e. a faulty reaction
coordinate. Whenever such a cusp was found, the reaction coordinate, or
the method for finding it was modified to remove it.

A number of methods to define reaction coordinates and find saddle points
have been applied through this thesis.

1. Symmetry constraints: If the diffusion process is symmetric, it is
sometimes possible to trap the system at the saddle point by symmetry.
This method is based on the fact that a structure with a symmetry
element must be an extremum of energy.

2. Plane constraints: This is a series of constrained relaxations where
the constrained atom(s) is forced to lie on a plane specified by the vector
between two other atoms. These two other atoms are not constrained
themselves. The constraint plane for the atom can be stepped along
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Enex

Figure 1.2: Plots of the energy surface E = 22 — y2. The saddle point is at the
point {0,0} and it is indicated in red.

the vector between two other atoms. The constraint plane for the
atom A defined with respect to atoms B and C is of the form ¢ =
r?ap —r’gc, with r4p being the distance from atom A to atom B and
c the constraint value. The atoms chosen are often the atoms involved
in the diffusion. Normally one constraint is needed per pair of bonds
made and broken.

. Orthogonal constraints: This is a series of constrained relaxations

stepping between the initial and final structures. A constraining vector,
U, is defined for each atom to be controlled with 3 components for the
atoms of interest. This vector points from the initial structure to the
final one. The structural configuration is stepped along the vector
toward the final structure.

1.14 AIMPRO summary

AIMPRO, “Ab Initio Modelling Program”, is a quantum package which
solves the Schrodinger equation within the approximations of LDA-DF'T.
The great benefit of the code is its low computing time requirements. ATM-

PRO is more time efficient than other wave-function packages because the

Gaussian Hamiltonian is smaller and sparse. In plane wave packages, all
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the cell is analysed with the same expansion. In AIMPRO, the Hamiltonian
for real space is smaller because only the enviroment of atoms is taken into
account. This advantage makes AIMPRO applicable to supercells of about
200 atoms.

The pseudopotentials used will be BHS and HGH [86] for carbon atoms.
Atom-centred Gaussian basis functions are used to construct the many-
electron wavefunction. These functions are labelled by four orbital symbols,
where for each symbol all angular momenta are allowed up to maxima p
(1=0, 1) and d (1=0, 1, 2), respectively.

Charge density oscillation in part-filled degenerate orbitals during the self-
consistency cycle were smoothed using a Fermi occupation function with
kT =0.04 eV.

A Bloch sum of these functions is performed over the lattice vectors to
satisfy the periodic boundary conditions of the supercell. The Brillouin
zone is sampled using the Monkhorst-Pack scheme [79].
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Chapter 2

Dislocation glide enhancement in
Silicon Carbide

2.1 Introduction

The first step in the discovery of semiconductors took place in 1883 when
Michael Faraday observed that in silver sulfide the conductivity increased
with an increase in temperature, in contrast to metals which showed a de-
crease when heated [11].

Over the years many other semiconductors have been found and nowadays
these materials are the basic elements of every electronic device.
Semiconductor crystals always contain numerous defects which perturb the
perfect lattice periodicity and influence its electrical and mechanical prop-
erties. Some defects have useful effects and are crucial for the device design,
(e.g. doping with impurity atoms to achieve n- or p-type conductivity),
while others have a destructive effect on devices and their performances.
Dislocations are often associated with the degradation of the electrical and
optical properties of the devices. It is commonly found that dislocations
scatter charge carriers, decreasing the carrier lifetime and increasing the
resistivity of the materials. Furthermore, dangling bonds can be present
along the dislocation line giving rise to energy levels in the forbidden band
gap. These levels act as electron hole recombination centers degrading the
optical properties of the device and giving a large leakage current when
biased.

Since experiments alone often cannot yield information about the exact ori-
gin of defect-related effects or about how to suppress unwanted effects or to
promote those which are desirable, we need theoretical models and calcula-
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tions to interpret the experimental data.

Silicon carbide (SiC) has received special attention in recent years because of
its suitability for electronic devices operating under high temperature, high
power, high frequency and/or strong radiation conditions where conventional
semiconductor materials, like Si and GaAs are considered to have reached
their limits.

In comparison with the other semiconductor materials silicon carbide distin-
guishes itself by a combination of superior properties, such as high thermal
conductivity, high thermal stability, high critical breakdown field, a hard-
ness second to diamond and high resistance to radiation. This semiconductor
can exist in more than 200 different polytype structures with a wide band
gap ranging from 2.4 eV for the 3C-SiC polytype to 3.3 eV for the 4H-SiC
polytype [12]. The latter properties make SiC a suitable material for light
emitting devices in the visible range, where silicon is useless. The different
SiC polytypes are usually describe by the Ramsdell notation, where the first
character indicates the total number of formula units contained in the unit
cell (reflecting the different stacking sequences) and then the letter C, H
or R denotes the lattice type as being cubic, hexagonal or rhombohedral,
respectively.

Despite its outstanding properties, several studies report a drawback: an
increase in the voltage drop of p-i-n diodes under forward bias. In a com-
mon diode the forward voltage drop is almost independent with respect to
the amount of current passing through the device, so it has a very steep
characteristic in the current/voltage (I/V) graph. In SiC the I/V diode
characteristics change under forward bias, reflecting an increase in the re-
sistance in the device. Typically the initial forward drop of 3.5 V at 100
Lincrease to 3.8 V after a few hours and over 15 V in a few days of
constant operation.

Such behaviour renders the SiC diode much less attractive than its real
potential characteristics. In particular high-power systems are frequently

A cm™

designed with several diodes connecting in parallel in order to increase the
total current rating. The increase in the resistance of one diode would cause
an increase in the current flow in the remaining stable components. At
some point, the current flowing through the stable diodes could exceed the
threshold maximum current of the devices and the system could fail catas-
trophically.

Recent experiments have shown that the forward voltage drop is due to
expansion of stacking faults (SFs) in the active region of the diodes |13, 14,
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15]. The SF regions are always bounded by Shockley partial dislocations;
therefore the SF expansions are strongly connected with the mobility of
the partials [16, 17, 18, 19]. Depending on the angle between the Burgers
vector and the dislocation line the Shockley partial dislocations are 30° or
90° partial dislocations either with Si or C termination along the dislocation
line in the glide plane, hence the respective labels Si(g) and C(g) (see Figure
2.1).

Under forward bias a broad band gap transition at approximately 1.8 eV is
observed simultaneously with the glide of the partials [14]. Latest photolu-
minescence (PL) spectra |20] obtained from the mobile dislocations confirm
the broad radiative band at ~ 1.8 eV, and reveal a further narrow peak at
2.87 ¢V. Furthermore, electron beam-induced current (EBIC) experiments
indicate that both types of 30° partial act as nonradiative centers [21] while
optical studies show that the radiative transition rate on the Si(g) partials
is much higher than that on the corresponding C(g) core dislocations [22].
Several experimental studies show that not all the partials glide under elec-
tron hole plasma injection, but rather that only the Si(g) 30° partials move
rapidly, while the others are almost immobile [22, 23, 24]|. Under electrical
stress (forward bias) or optical excitation (laser beam) the activation energy
for the kink migration of the partials is 0.274+0.02 [14] or 0.2540.05 eV [20],
respectively. These values are ~ 10 times lower than the estimated value of
2.5 eV obtained from the temperature dependence of the yield stress [25].
It is commonly believed that recombination-enhanced dislocation glide (REDG)|26,
27, 28] is responsible for the rapid propagation of these planar defects. Ac-
cording to the phonon-kick mechanism, a nonradiative electron-hole recom-
bination center should be present along the dislocation line and the released
transition energy transferred into the reaction coordinate for glide migration
of the Shockley partials.

The latest excitation spectrometry experiments reveal a nonradiative center
at ~ 2.4 eV above the valence band. Furthermore, these experiments clearly
show that the latter deep level is responsible for the REDG mechanism on
the Si(g) 30° partials [20]. Theoretical studies in 3C and 2H-SiC have pointed
out that the C(g) partials are electrically inactive, while the Si(g) gives rise
to a band gap level at E, + 0.4 eV. In addition, the activation energy for
the glide of the C(g) 30° partial is calculated to be 4.95 eV while that for
the Si(g) is 4.60 eV for short dislocation segments [29]. So far, the electrical
activity of the 30° partials and the deep level required by the REDG process
still remains unclear.
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In this work, I have investigated the dislocation core effect on electrical
activity and kink migration. I have shown that the symmetric reconstruc-
tions along the dislocation line are always electrically active and have glide
activation energies lower than the respective asymmetric reconstructions.
Further, T have proposed a new model that can explain why the symmetric
reconstructions become dynamically more stable under electron hole plasma
and suggested why only the Si(g) 30° partials are mainly involved in the
enhancement of the dislocation mobility. This model can be applied to any
semiconductor material in order to predict the behaviour under electron hole
plasma and could inspire new experimental techniques to reduce the degra-
dation mechanism or, in a more fascinating way, to change the destructive
effect into a new useful property of semiconductor materials.

2.2 Computational methods

The calculations are based on density functional theory in the local density
approximation using the exchange correlation functional as parametrized
by Perdew and Wang [30]. The basis sets employed consist of s, p, and
d Gaussian orbital functions with four exponents, centered at the atomic
sites [31]. Norm-conserving pseudopotentials based on the Hartiwigsen-
Goedecker-Hutter [32] scheme were used. The charge density is represented
by a plane-wave basis in reciprocal space expanded up to 300 Ryd. To per-
form the Brillouin zone integrations, I have used a Monkhorst Pack (MP)
scheme [33| with 8 k-points along the dislocation line. In order to take into
account the possible dispersion of the levels inside the band gap, a metallic
filling is used, where the number of electrons at each k-point can differ. The
initial atomic positions have been produced within isotropic elastic theory
and then relaxed using DFT and the conjugate gradient algorithm.

2.3 Dislocation core structures

In hexagonal SiC the partial dislocations lie in the basal plane with Burgers
vector b, = 1 [1100] and dislocation line [ = [1120]. In order to investigate
separately the properties of the single partials, the dislocations have been
modelled using the cluster supercell hybrid. The periodicity of the lattice is
kept only along the dislocation line (supercell component) while within the
{1150} plane, the unit cell is repeated to create a cluster keeping an empty
space between the cluster and its images in the neighbouring unit cells of
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Figure 2.1: Projections on the glide plane {0001} of the partial dislocations, and the
respective Kohn-Sham band structures in the neutral charge state. Left: the asymmetric
reconstruction (AR); right: the symmetric reconstruction (SR). The intrinsic stacking
fault regions accompanying the partials are shaded; (a, b) C(g) core 90° partial; (c, d)
Si(g) core 90° partial; (e, ) C(g) core 30° partial; (g, h) Si(g) core 30° partial.

A = 8 a.u. The silicon and carbon bonds along the surface are saturated
by hydrogen-like atoms. The stoichiometry of the 90° partial unit cells are
SigsCgaHso with a total of 220 host atoms, while the stoichiometry of the 30°
partials are SiggCooHsy for the C(g) core and SigeCooHsy for the Si(g) core,
with a total of 236 host atoms. The lattice parameters of the bulk structure
are a = 3.06 A, ¢/a = 3.27 in excellent agreement with experimental values
(a=3.07 A, ¢/a =327 [34]), while the Si-C bond lengths are 1.88 A.

The possible reconstructions along the dislocation line are shown in Figure
2.1. The symmetrical reconstructions (SRs) are characterized by dangling
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Figure 2.2: Formation energy as a function of the Fermi level. The solid line indicates
the asymmetric reconstruction (AR) while the dashed line indicates the symmetric re-
construction (SR). (a) C(g) core 90° partial; (b) Si(g) core 90° partial; (c) C(g) core 30°
partial; (d) Si(g) core 30° partial. The figure shows that the AR is always favourable in
intrinsic bulk and moderately doped semiconductors, while the SR, may become stable in
strongly doped material when the Fermi level Er is approaching the conduction band (a),
(b), (¢) or valence band (d).

bonds or quasi-fivefold bonded atoms along the dislocation line. In the asym-
metrical reconstructions (ARs) the core atoms in pairs form a bond along the
dislocation line. The band structure analysis shows that the dangling/weak
bonds of the SR give rise to a half-occupied band. In the ARs the strong
covalent bond splits the half- filled band, generating a fully occupied band
near the top of or inside the bulk valence band (VB), and an empty band
near the bottom of or inside the conduction band (CB).

Depending on the position of the Fermi level in the bulk band gap, both
partials can sustain either the AR or SR reconstruction along the dislocation
line. The electron chemical potential or Fermi level Fr is the energy at
which the Fermi Dirac probability of occupation by an electron is exactly
one half. The Fermi level represents an important quantity in the analysis
of semiconductor behaviour. For intrinsic material the Fermi level lies at
the middle of the band gap. In n-type the Fermi level lies closer to the
bottom of the conduction band E., and the energy difference (E.— Er)

32



Dislocation glide enhancement in Silicon Carbide

gives a measure of how strongly n-type the material is. In p-type materials
the Fermi level lies closer to the top of the valence band E,,, and the energy
difference (Er — E,) gives a measure of how strongly p-type the material is.
The formation energies of the respective reconstructions in defined [35] by

Eq

form

= iy — Epur + q[Er + B, + AV] (2.1)

where E}Wm is the formation energy of the dislocation in the ¢ charge state,
E}, is the total energy of the unit cell containing a dislocation with charge
q, Epur is the energy of the bulk with the same stoichiometry and Ep is
the Fermi energy with respect to the top of the valence band F,. The
potential AV is a correction term in order to line up the band structures of
the different charge states with the bulk [36].

Figure 2.2 shows the formation energy of the most stable charge states for
each configuration as a function of Fermi energy. When Ef is approaching
the valence band (Er = 0) we are in a strongly p-type regime, while when
Er is approaching the conduction band (Ep = AE,,, = 3.26 eV) we are in
a strongly n-type regime. In general, I have found that the AR (solid line
in Figure 2.2) is always favourable in intrinsic bulk and moderately doped
semiconductors, while the SR may become stable in strongly doped material
(dashed line in Figure 2.2).

2.3.1 C(g) core 90° partial

In the AR the C-C bond length is 1.65 A, longer by 7.8% than in bulk
diamond (1.53 A), while the C-Si backbonds of the core atoms range from 3.2
to 5.5% compared with the bulk SiC. This reconstruction is not electrically
active. In strongly n-type doping the SR may become more stable. In
the neutral charge state, the dangling bonds along the dislocation line are
separated by 2.56 A, expanded by 67% from the bulk diamond bond length.
As a consequence, the backbonds of threefold coordinate core atoms are
shortened (by 2.6%). The dangling bonds localized on the C atoms give
rise to a half-filled band ranging from inside the VB to F, + 1.97 eV. The
AR is higher in energy than the SR by 1.03 eV/ag (ao = 3.06 A is the
bulk parameter lattice). In the negative charge state the distance between
dangling bond atoms is 2.69 A, 5.1% longer than the respective neutral
charge state, while the backbonds of the C atoms are shortened by 5.1%
with respect to the bulk SiC. The band structure analyses show a deep band
ranging from F, + 0.06 eV to inside the CB.
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2.3.2 Si(g) core 90° partial

In the AR the Si-Si bond length is 2.38 A, expanded by 1.7% with respect
to bulk silicon (2.34 A), while the backbonds are distorted by 1.6%. The
band structure analysis gives a donor level at E, + 0.21 ¢V at the I'-point,
and opens a little gap at the boundary of the BZ. In heavily n-type doped
material the SR may become favourable. In the neutral charge state the Si
atoms along the dislocation line are quasi-fivefold coordinate with a bond
length of 2.69 A, expanded by 15.0% with respect to the bulk silicon. The
backbonds of the Si core atoms range between 1.0% and 0.4% compared to
the bulk SiC. The band structure analysis shows a half-filled band ranging
from F,+0.21 eV to inside the conduction band (CB). The AR is 0.34 eV /ay
higher in energy than the respective SR. In the negative charge state the
bond lengths between like atoms along the dislocation line are 2.58 A, 4%
smaller than in the neutral state. The backbonds are slightly shortened (by
1.9%) with respect to the bulk SiC. The band structure analyses show a
deep band ranging from E, + 0.38 eV to inside the conduction band (CB).

2.3.3 C(g) core 30° partial

The AR shows a C-C bond length of 1.67 A, expanded by 9.2% with respect
to bulk diamond, while the backbonds are distorted by between —2.66 and
+3.72%. Due to the strong reconstruction, the band structure analysis shows
that this dislocation has no deep state. In heavily n-type doped materials
the SR can become stable. In the neutral and negative charge states the
distance between like atoms along the dislocation line is 3.06 A, i.e. double
the bulk diamond bond length. The backbonds of the threefold coordinate
atoms are shortened by 3.7% for the neutral SR and by 5.8% for the negative
charge state. The dangling bonds give rise to a half-filled band ranging from
VB to E, + 1.46 eV for the neutral charge state and from FE, + 0.21 eV to
the CB for the negative charge state. The neutral AR is 0.51 eV /ag higher
in energy than the respective SR.

2.3.4 Si(g) core 30° partial

The AR shows a Si-Si bond length of 2.35 A expanded by 0.4% with re-
spect to bulk silicon, while the backbonds are shortened by 2.0%. The band
structure shows a deep band ranging between the VB to E, + 0.19 eV. In
heavily p-doped materials the SR can become favourable. In the neutral
and positive charge states the distance between dangling bonds along the
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Asymmetric Reconstruction (AR) Symmetric Reconstruction (SR)

I'-point M /2-point I-point M /2-point
90° C(g) — — E,+0.19 eV —
90° Si(g) E,+0.21 eV — E,+0.19 eV —
30° C(g) — — E,+0.19 eV —
30° Si(g) — E,+0.19 eV E,+019eV  E,+0.19¢eV

Table 2.1: Deep band localized along the dislocation line in the neutral charge state.
The top of the valence band is at the I'-point of the BZ, while the bottom of the CB is at
the M-point. Later, in the discussion section, I have proposed that the free energy of the
SRs would be dynamically lowered by continuous electron-hole transitions between the
respective deep levels and valence/conduction bands. The energy units are in eV.

dislocation line is 3.06 A, expanded by 31% with respect to the bulk silicon.
The respective backbonds are shortened by about 2.4% and 4.3% for the
neutral and positive charge state, respectively. These structures are electri-
cally active with a deep band ranging between E, + 0.44 eV at the M-point
to E, + 2.36 €V at the I'-point for the neutral charge state and between
the VB and E, + 2.01 eV at the I'-point for the positive charge state. The
neutral AR is 0.55 eV /ag higher in energy than the SR.

We observe that the AR of the 90° partials requires a core shear between the
unfaulted and stacking fault regions of about 0.8—1.2 A for the C(g) core and
1.0 — 1.3 A for the Si(g) core dislocations. In the case of the 30° partials,
the AR does not require a long ranged shear, but rather only flipping of
alternate atoms in the core. Table 2.1 summarises the deep bands found for
each dislocation in the neutral charge state. Later, in the discussion section,
I will propose that under electron hole plasma injection the free energy of the
SRs are dynamically lowered by continuous electron hole transitions between
their respective deep levels and valence/conduction bands.

In conclusion for the AR, only the Si(g) core partials give rise to a deep
narrow band at E, + 0.2 eV in substantial agreement with those found pre-
viously [29] (E, + 0.4 €V). The small difference between the two values can
be attributed to the different sizes of the unit cells: 120 host atoms with
a1l x1x2MP set of k-points in Ref. [29], against 220 — 236 atoms with
1x1x8 MP grid in the present work. Furthermore, the bond length between
like atoms at the core of the Si(g) partials is 2.35 A, while at the core of the
C(g) partial it is 1.67 A. These results are in very good agreement with the
values found by Bernardini and Colombo (2.37 A for the Si(g) partial, and

35



Dislocation glide enhancement in Silicon Carbide

1.68 A for the C(g) partial [37]. In the SR all the partials are electrically
active with a half-filled deep band. In particular, the 30° dislocations in the
neutral charge state give rise to a deep band ranging between the top of
VB to E, 4+ 1.46 eV for the C(g) partial and a deep band ranging between
E, 4+ 0.44 eV and E, + 2.36 eV for the Si(g) partial.

2.4 Kink migration

Following the Hirth Lothe model, the mobility of the dislocations is deter-
mined by the formation and migration of kinks. The dislocation velocity is
given by [38]:

Q-T-5

Vgis = € FT (2.2)

where () is the activation energy and S is an entropy term. The latter
factor will not be calculated in this work. The activation energy for short
dislocation segments is the sum of the formation energy 2F}, of a kink pair,
and the kink migration energy W,,. The formation energy controls the
density of kinks in thermodynamic equilibrium, while W,,, determines the
expansion of the kinks along the dislocation line.
When the dislocation length is bigger than the mean separation between
kinks or between strong obstacles, the activation energy becomes () =
Fy + W,,. The latter expression controls the migration velocity for long
dislocation segments. Kinks can be formed only in pairs and the formation
energy of a kink pair when the separation of the single kinks in n-b is defined
as:

2F, = AEyinkpair + Eint (1) (2.3)

where Fy, is the formation energy of a single kink, A Ey;pg pair is the formation
energy of a kink pair with the smallest possible separation and F;,; is the
kink-kink interaction term.

The latter term is approximately given by elasticity theory. For the 90°
partials it is defined by [38]:

pb2h? 1 — 2u 0.24
Epy(n) = —2= -~ %y 2.4
+ () 8mnag 1+ v n * (2.4)
while for 30° partials the kink-kink interaction term is given as [38]:

b2h? 4 4
By (n) = - 2%v 049 (2.5)

32mnagl — v n
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Figure 2.3: Kink migrations for the C(g) core 90° partial dislocation ( first column:
asymmetric reconstruction, second column: symmetric reconstruction) and Si(g) core 90°
partial (third column: asymmetric reconstruction, fourth column: symmetric reconstruc-
tion). The shading regions underline the stacking fault expansion associated with the kink
migrations. (Top) Initial kink. The arrows indicate the atoms mainly involved during the
kink migration. (Centre) Saddle point. The numbers show the atom positions used by the
constraints. (Bottom) Kink migrated.

where p is the shear modulus (1.23 ¢V /A [39] ), b, is the modulus of the
Burgers vector (ag/+v/3), v is Poisson’s ratio (0.21 [40]), A is the height of
the kink (ao/v/3) and n-ag is the separation between single kinks (aq = 3.06
A) The term AFEnkpair is found by introducing a kink pair along the
dislocation line for both the C(g) and Si(g) core dislocations. The formation
energies are then found by subtracting the energies of the corresponding
straight dislocations.

To model the single kink and kink pair, I have used a hybrid cluster su-
percell approach, with several layers along the dislocation line (supercell
component). The stoichiometry of the unit cells used is Sig5sCssHoy per layer
for the 90° partials, while the stoichiometry of the 30° partials is Sig7CogHay
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Figure 2.4: (a) Surface energy and (b) contour plot of the kink mi-
gration for the C(g) core 90° partial dislocation. The two global min-
ima represent the energy of the initial and migrated kink, while the max-
imum of the migration path (indicated with S) represents the saddle
point.

per layer for the C(g) core and SissCorHgy per layer for the Si(g) core. In
order to check the convergence of the calculated energies I have increased
the number of layers along the dislocation line up to 9. Test calculations
have shown that 6 — 7 layers along the dislocation line are large enough to
describe the quantum-mechanically bonds of the kinked dislocations. In the
following discussion, I have described the kink migration of the AR and SR
reconstructions in their more stable charge state, ¢.e. the neutral charge
state for the AR, the negative charge state for the SR 90° partials and SR
C(g) core 30° partial, and the positive charge state for the SR Si(g) core 30°
partial. In this way the reconstructions under investigation are always the
global minimum energy reconstruction.

The elementary step of single kink migration was found by rotating the cen-
tral Si and C atoms (arrows in Figure 2.3, 2.5, 2.6) by about 90° along an
axis normal to the glide plane. This causes a kink migration along the dis-
location and a consequent expansion of the stacking fault region associated
with the partials. To investigate the intermediate structures between the
initial and migrated kink I have defined two variables, or constraints, Csijicon
and Ceqrpon associated with the two central atoms, R and Ra:

Csilicon = ‘Rl - R4’2 - ‘Rl - R3’2
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7 A
Migrated RK’

Figure 2.5: Kink migration paths for the 30° partial in the asymmetric reconstructions.
The migration path of the C(g) core dislocations ( first column: left kink, second column:
right kink) and the migration path of the Si(g) core dislocations (third column: left kink,
fourth column: right kink). The shading regions underline the stacking fault expansion
associated with the kink migrations. (Top) Initial kink. The arrows indicate the atoms
mainly involved during the kink migration. (Centre) Saddle point. The numbers show the
atom positions used by the constraints. (Bottom) Kink migrated.

Cearbon = |R2 - R3|2 - |R2 - R4‘2

where R denotes the coordinate of the atom and the subscript indicates the
atom as depicted in Figure 2.3, 2.5, 2.6. In some of the SRs it is only one
atom that is mainly involved in the migration process, therefore only one
constraint is used. Then meshes of 10 x 10 intermediate points were used to
model the single kink migrations. For each set of fixed values of the two con-
strains all the structures were relaxed using the conjugate gradient method.
Figure 2.3 shows the projection into the basal plane of the elementary kink
migration steps for the respective 90° partial dislocations. For the 90° partial
dislocations the initial and kinked structures are quantitatively equivalent
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in terms of bond lengths and strains. Figure 2.4 shows the two-dimensional
energy surface for the kink migration of the C(g) core 90° partial.

For the AR 30° partials four topologically different types of kinks can be
generated. Figure 2.5 shows the structure of the left kink (LK) and the
right kink (RK) in the asymmetric reconstructions. Each of the two kinks
has its alternate configurations, depending on the kink position along the
dislocation line. In general the alternative kinks, named LK’ and RK’, have
higher formation energies than the normal kinks and act as intermediate
steps during the kink migrations. All atoms in these different types of kinks
are fourfold coordinate. I observed that the migrated left kinks form a
reconstructed bond, of the opposite type to the reconstruction bonds of the
respective partial, i.e. the C(g) partial LK’ presents an alien Si-Si bond and
the Si(g) partial LK’ presents an alien C-C bond (see Figure 2.5).

For the 30° partials SR, the normal and alternative kinks are topologically
equivalent, reflecting their single periodicity along the dislocation line (see
Figure 2.6). Considering that the dislocation motion is dominated by the
kinks that migrate at the fastest rate [41] I have chosen the lowest migration
energy W,, between the LK and RK saddle point energies.

2.4.1 C(g) core 90° partial

In the AR the C-C bonds closest to the kink step are slightly compressed
with lengths of 1.64 A, while the others reproduce the bond length of the
straight dislocation (1.65 A). The backbonds range between 1.81 — 2.04 A,
representing strains of up 9%. I have found a saddle point near the origin
of the constraint Csjjicon, Cearbon With migration energy W, of 1.78 eV. The
formation energy 2F}, for the corresponding kink pair is 0.36 eV. This yields
an activation energy ) of 2.14 eV for short segment dislocations. In the SR
the distance between dangling bond atoms closest to the kink step are 2.83
A, while the others far from the kink step reproduce the value of the straight
dislocation (2.69 A). The migration barrier W,, is found exactly at the origin
of the constraint with saddle point energy of 0.21 eV. The formation energy
2F}, for the corresponding double kink is 0.40 eV. Therefore the activation
energy @ for the migration of short segment dislocations is 0.61 eV.

2.4.2 Si(g) core 90° partial

In the AR, the Si-Si bonds close to the kink step are 2.37 A (only 0.4% com-
pressed with respect to the straight dislocation) and 2.45 A (3% stretched
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NN
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Figure 2.6: Kink migration for the 30° partial in the symmetric reconstructions. The
migration path of the C(g) core dislocations (first column: left kink, second column: right
kink) and the migration path of the Si(g) core dislocations (third column: left kink, fourth
column: right kink). The shading regions underline the stacking fault expansions associ-
ated with the kink migrations. (Top) Initial kink. The arrow indicates the atoms mainly
involved during the kink migrations. (Centre) Saddle point. The numbers show the atom
positions used by the constraints. (Bottom) Kink migrated.

with respect to the straight dislocations). The backbonds have lengths rang-
ing between 1.84 — 1.92 A, representing strains of up to 2%. The difference
in energy between the double kink and the straight dislocation is 0.10 eV,
and the corresponding formation energy 2F} is 0.34 eV. The saddle point
barrier for the kink migration is 1.85 eV, which gives an activation energy ()
of 2.19 eV for short dislocation segments. For the SR, the lengths between
dangling bond like atoms close to the single kink are 2.57 A (expanded by
8% with respect to the straight dislocation). The backbonds have lengths
between 1.84 —1.92 A, representing strains of up to 2% (exactly the same of
the AR). The saddle point energy W,, is 0.34 eV while the formation energy
2F}, is 1.21 eV. This yields the corresponding activation energy () of 1.55 eV
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for short dislocation segment.

2.4.3 C(g) core 30° partial

In the AR structures, the C-C bond lengths close to the kink steps range
between 1.62 — 1.70 A, representing strains of up to 11%, whereas the back-
bonds have lengths ranging between 1.80 — 2.15 A, representing strains of
up to 14%. The alien Si-Si bonds present in the LK’ have roughly the same
length of the bulk Si. The intermediate LK’ and RK’ structures are 2.51
and 0.33 eV higher in energy than the initial LK and RK structures. The
barrier heights are calculated to be 2.98 and 1.47 eV for the LK and RK mi-
grations, while the formation energy of the LK+RK kink pair, 2F}, is 1.78
eV. Then the corresponding activation energy @ for the fastest kink (RK) is
3.25 eV. In the case of the SR, the C-Si bonds range between 1.76 — 2.00 A,
representing strains of up to 6%. The saddle point energies are found to be
0.09 and 0.22 eV for the LK and RK migrations, while the formation energy
of a kink pair is found to be 1.48 eV. Therefore both the LK and RK have
fairly equivalent activation energies, with values of 1.57 eV for the LK and
1.70 eV for the RK.

2.4.4 Si(g) core 30° partial

In the ARs, the Si-Si bond lengths close to the kink steps range between
2.31 — 2.41 A, representing strains of up to 3%, while the backbonds have
lengths ranging between 1.79 — 2.02 A, representing strains of up to 7%.
The alien C-C bond length in the LK’ structure is 1.62 A, expanded by 6%
with respect to the bulk diamond. The intermediate structure LK’ is 2.07
eV higher in energy than the LK structures, while the structures RK and
RK” have roughly the same energy (the difference between the two formation
energies is less than 0.03 e€V). The saddle point energies are 2.47 and 2.17
eV for the LK and RK respectively, while the formation energy of the LK +
RK kink pair is 2.26 eV. The corresponding activation energy for the fastest
kink (LK) is 4.43 eV. For the SR, the C-Si bonds range between 1.78 — 2.02
A. The saddle point energies are calculated to be 0.08 and 0.06 eV for the
LK and RK migrations, while the formation energy of the LK-+RK kink pair
is 2.12 eV. Therefore, both the LK and RK have fairly equivalent activation
energies, with values of 2.20 eV for the LK and 2.18 eV for the RK.

For all the partials, the dislocation dynamics of the ARs are controlled by
the kink migration barrier W, (W,, > F}), while for the SRs the dislocation
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dynamics are governed by the kink formation energy Fy (Fj, > W,,) (see
Table 2.2). In general, I have found that the SR dislocations are always
more mobile than the AR ones, but in both reconstructions the C(g) partial
possesses the lower activation energy. Furthermore, in all the dislocations
the 90° partials present higher mobility than the 30° partials. Therefore, at
high temperature and when large obstacles are not present, the C(g) core
90° partial is clearly the most mobile dislocation, which is in agreement with
the results found by Blumenau et al. [29].

Dislocation Core AEginkpair  2Fy Wi, Q =2F, + W,
C(g) 90° AR (0 e) 0.12 0.36 1.78 2.14

SR (—1 e) 0.16 0.40 0.21 0.61
Si(g) 90° AR (0 e) 0.10 0.34 1.85 2.19

SR (—1 ¢) 0.97 121 0.34 1.55
C(g) 30° AR (0 e) 1.29 1.78 1.47 3.25

SR (-1 e) 0.99 1.48 0.09 1.57
Si(g) 30° AR (0 e) 1.77 2.26 2.17 4.43

SR (+1 ¢) 1.63 2.12  0.06 2.18

Table 2.2: Kink formation energies 2F}, and migration barriers W, for the 90° partial dis-
locations in the ARs (neutral charge state) and SRs (negatively or positively charge state).
The resulting glide activation energies QQ = 2F + W, are relevant for short segment dis-
locations (the respective energy are in eV).

2.5 Discussion

Before describing the new model, I briefly summarise what so far is suggested
to explain the enhancement of the dislocation velocity in SiC. To the best
of my knowledge, two main models have been proposed:

1. REDG between Si(g) core partial and SF band level [29]:

These authors have shown that only the Si(g) core partials are elec-
trically active with a band gap level at E, 4+ 0.4 eV. Because the SFs
formed under electron-hole plasma are predominantly of the single-
layer type [17, 18|, with a narrow band at E. + 0.2 eV [42, 43| this
model predicts a nonradiative recombination center at about ~ 2.7 eV
(with a band gap of 3.3 eV). This model is not able to explain the
electrical activity of both the 30° partials, and in particular, the 1.8 eV
radiative emission found under forward bias remains inexplicable.
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2. Soliton model: (proposed by Pirouz et al. [20]):

A soliton is always associated with a dangling bond along the disloca-
tion line and can act as a preferential site for nucleation of kink pairs
(Heggie et al. [44]). Since the Si(g) core dislocation gives rise to a band
gap at B, + 0.4 eV and assuming that the soliton dangling bond gives
rise to a deep level F, + 2.4 eV acting as both a radiative and a non-
radiative site, this model can explain the radiative transition at ~ 2.0
eV and provide a level deep enough for the REDG theory (~ 2.4 eV).
The possible weakness of this model is the soliton formation energy.
For example, in silicon the formation energy of a soliton |45, 46, 47|
is 1.2 — 1.4 eV, and the Boltzmann probability of having a density of
soliton sites ng along the dislocation line of length [ becomes

ng = e~ . L (2.6)

aop

where ag is the unitary repeat distance along the dislocation line (3.06
A). With the temperature range of the measured [14, 20| dislocation
glide velocity in SiC of 300 — 500 K (kgT = 0.026 — 0.043 V), and a
formation energy of Fs = 1.2 eV, we need a dislocation line of length
ranging between ~ 108 — 1 km in order to have ~ 3 — 2 solitons in
thermal equilibrium (Boltzmann constant kg = 8.617 x 1075 eV K ~1).
In a later study I will show that the Si(g) soliton formation energy in
4H-SiC is less than a soliton in Si but still too large to explain the
enhancement of the dislocation velocity alone.

My theoretical study shows that both dislocations can support the symmet-
ric and asymmetric reconstructions. In the AR only the Si(g) dislocation is
electrically active with an energy level of ~ 0.2 eV above the VB. The SRs
characterized by dangling bonds on like atoms along the dislocation line are
always electrically active. In the neutral charge state the C(g) 90° partial
gives rise to a deep band ranging from the top of the VB to E, + 1.97 eV,
while the Si(g) gives rise to a band ranging from E, + 0.21 eV to the top of
the CB. In a similar way, the C(g) 30° partial also gives rise to a deep band
ranging from the bottom of the VB to E, + 1.46 eV, while the Si(g) core
gives rise to a deep band ranging from E, + 0.44 eV to E, + 2.36 eV.

The kink migration analysis shows that the SRs are always more likely to
move. For C(g) 90° partials, the activation energy @ is lowered from 2.14
eV for the AR to 0.61 eV for the SR, while for the Si(g) core dislocations,
the activation energy @) is lowered from 2.19 eV for the AR to 1.55 eV for
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the SR. For 30° partials, the activation energy () is lowered from 3.25 eV
for the AR to 1.57 eV for the SR, while for the Si(g) core dislocations, the
activation energy @) is lowered from 4.43 eV for the AR to 2.18 eV for the
SR.

My results show that the AR does not possess band gap levels deep enough,
as required by the REDG mechanism. Therefore, the AR dislocations cannot
explain the enhancement of the dislocation mobility. For SR dislocations the
C(g) 90° partial and both the 30° partials present deep levels that can act
as electron-hole recombination center, as required by REDG theory. At
this stage I can only observe that Si(g) 30° partials possess a E, + 2.36 eV
deep level at the I'-point, very close to the nonradiative center revealed by
excitation spectrometry experiment (~ 2.4 eV above the valence band).
Therefore, the following model is presented:

e New model: Savini model

Under electron-hole plasma injections, the free energy of the SR 30° partials
are dynamically lowered by continuous electron-hole transitions between the
respective deep levels and valence/conduction bands.

To stabilize the SR 90° partials, a shear between the unfaulted and stacking
fault regions at the core of the partials along the dislocation line is required,
while for the 30° partials the AR does not require a long ranged shear, but
rather only requires flipping of alternate atoms in the core. Therefore, only
for the 30° partials does the SR dislocation line becomes more stable than
the AR with a strong dynamic charge screening provided by the continuous
electron-hole plasma injections. The deep levels provided by the SR are
dynamically positive (hole recombination) and negatively (electron recom-
bination) charged. However, the strong charge screening of the dislocation
line surrounded by an electron hole plasma freezes the deep levels inside
the band gap, i.e. the 30° partial deep levels correspond to the respective
neutral band structures.

The Si(g) 30° partials provide a deep band ranging from D; = E, + 2.36 eV
at the ['-point of the Brillouin zone to Dy = E, +0.44 €V at the M-point of
the Brillouin zone. The level D; explains the latest optical activation energy
for the dislocation glide at ~ 2.4 eV above the VB [20]. This deep level acts
as the electron-hole recombination center as required by the REDG theory
and explains why the Si(g) dislocations move under forward bias/optical
excitation. A radiative transition of 2.82 eV between the bottom of the
conduction band (E. — E, = 3.26 €V) and D, explains the narrow peak at
~ 2.87 eV found by the photoluminescence spectra [20|, while the radiative
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transition of 1.9 eV between D; and Dy (here called Ts;) explains the ~ 1.8
eV electroluminescence peak found during the growing of the stacking faults
[14, 20].

The C(g) 30° partials provide a deep band ranging from D¢, = E, + 1.46
eV to the top of the VB. This level can provide a radiative/nonradiative
transition of 1.8 eV between the bottom of the CB to D¢y (here called Tt)
and a nonradiative transition of 1.46 eV between the top of the VB to D¢(g).
These results are in agreement with the latest EBIC experiment reporting
that both types of 30° partials act as nonradiative centers [21].

However, optical studies show that the radiative transition rate of the Si(g)
partials is much higher than the corresponding C(g) core dislocations [22].
Here I observe that both the respective radiative transitions Tg; and T are
of indirect type, i.e. with electron phonon coupling. In particular, the two
transitions involve the creation of phonons at different points of the Brillouin
zone. I suggest that the reason why the radiative transition rate on the Si(g)
partials is higher than the corresponding C(g) core dislocations is due to the
different kind of phonons created that could hinder/increase the stability of
the SR dislocation line. The same reason can explain why only the Si(g)
core 30° partials are mobile under electron-hole plasma injection.

2.6 Conclusions

First-principle calculations show that both the dislocations can support the
symmetric and asymmetric reconstructions. In the AR only the Si(g) core
partials present a band gap level, while all the SR dislocations are electrically
active. In particular, I have shown that the Si(g) 30° partials can explain
the optical activation energy for the dislocation glide at ~ 2.4 eV above the
VB, the narrow peak at 2.87 eV and the broad band at ~ 1.8 ¢V found in
photoluminescence spectra.

Therefore, I have proposed a theoretical model, which can explain in details
all the following experimental evidence:

e Why under forward bias the dislocations can be electrically active:

Under electron-hole plasma injections (i.e. under forward bias), the free
energy of the SR dislocations is dynamically lowered by continuous electron-
hole transitions between the respective deep levels and valence/conduction

e Why the 90° partials are immobile while the 30° partials can move:

To stabilize the SR 90° partials, a shear between the unfaulted and stacking
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fault regions along the dislocation line is required, while for the 30° partials
the AR does not require a long ranged shear, but rather only requires flipping
of alternate atoms in the core. Therefore, only for the 30° partials does
the SR dislocation line becomes more stable than the AR with a strong
dynamic charge screening provided by the continuous electron hole plasma
injections. The deep levels provided by the SR are dynamically positive
(hole recombination) and negatively (electron recombination) charged.
However, the strong charge screening of the dislocation line surrounded by
electron-hole plasma freezes the deep levels inside the band gap, i.e. the
30° partial deep levels correspond to the respective neutral band structures.
Therefore, both the 30° partials can provide band-gap level deep enough as
required by the REDG mechanism.

e Why only the Si(g) 30° dislocations move:

The band structure analysis have shown that both the 30° partials allow
electrical transitions of indirect type, i.e. with electron-phonons coupling.
These transitions can involve the creation of phonons at different points of
the Brillouin zone. I have suggested that the reason why only the Si(g)
30° dislocations are mobile under electron-hole plasma injection is due to
the different kind of phonons created that could hinder (for the C(g) 30°
dislocations) or increase (for the Si(g) dislocations) the stability of the SR
dislocation line.

The same reason explains why the radiative transition rate on the Si(g)
dislocations is higher than the corresponding C(g) dislocations.

In conclusions my theoretical model can explain the anomalously enhance-
ment of the dislocation mobility in SiC. This model can be applied to any
semiconductor materials in order to predict the behaviour under electron-
hole plasma and could inspire new experimental technique to reduce the
degradation mechanism.
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Chapter 3

Elastic Theory in Graphite

3.1 Introduction

First principles density functional calculations within the Local Density Ap-
proximation have provided highly plausible results, but the folklore of in-
terlayer interactions is that LDA does not include an important part of the
physical interaction between layers (the van der Waals interactions) and
therefore should not be relied upon.

Contradicting this belief, I have demonstrated that LDA performs excel-
lently for graphite and reproduces with precision the all elastic properties
(i.e. the elastic constants).

The main disagreement between theory and experiment is the value of the
elastic constant C13 (positive for experiment studies and negative for theo-
retical studies).

The sign of this elastic constant is crucial for the elastic properties of the
material; a positive (negative) value of C'13 means that under compression of
the parameter lattice ag, the parameter lattice ¢y tend, to expand (contract).
Therefore theory and experiment describe graphite as a material with an
opposite elastic behavior.

This chapter is organized as follow:
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Figure 3.1: Carbon is found free in nature in three allotropic forms: diamond, graphite
and fullerene.

Section 3.2:  General overview of the graphite properties.

Section 3.3: I have studied the “classical” second and third order elastic
constants.

Section 3.4: 1 have developed the theory of a bent plane and studied
the mesoscale elastic properties of a single plane of graphite
(graphene).

Section 3.5: T have worked up the graphite case and shown the full sets of
mesoscale elastic constants.

3.2 Literature review

Graphite properties

Carbon is found free in nature in three allotropic forms: graphite, diamond,
and fullerene (see Figure 3.2). The element carbon has an atomic weight of
12.010 consisting of two stable isotopes with atomic weights 12 (C}o abun-
dance: 98.9 %) and 13 (C}3 abundance: 1.1%).

The ideal crystal structure of graphite consists of layers in which the carbon
atoms are arranged in an open honeycomb network containing two atoms
per unit cell in each layer (labelled o and (3 in Figure 3.2).

The stacking of the graphene layers is arranged such that the o and o’ atoms
on consecutive layers are on the top of one another, while the 3 atoms in one
plane are over the unoccupied centers of the adjacent layers, and similarly
for the ' atoms on the other plane. This gives rise to two distint planes,
which are labeled by A and B.

These distint planes are stacked in the ABAB Bernal stacking!, with a in-

!This hexagonal structure was proposed by Hull in 1917 and then it was confirmed by Bernal
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Figure 3.2: The three allotropic structures of graphite, AA stacking, AB Bernal stacking
(or hexagonal graphite), ABC stacking (or rhombohedral graphite). The turbostratic
graphite does not possess a regular periodicity along the c-axes and therefore it is not
shown.

plane lattice constant ag = 2.462 A, a c-axis lattice constant ¢y = 6.708 A.
This crystal structure is consistent with the Dg, (P63/mmc) space group
and possesses 4 carbon atoms per primitive unit cell.

The atomic number of carbon atom is 6, with electronic structure 1s22s%2p?.
The intralayer bonding is due to an overlap between sp*-hybridized orbital
forming o-bonds between nearest-neighbor C' atoms. In addition, m-bonding
takes place between the remaining p.-orbitals on each atom that point per-
pendicularly to the layer [55].

Several experimental evidence (X-ray spectrum, electron diffraction and
transmission electron microscopy studies) indicate the existence of a second
allotropic form of graphite: the rhombohedral graphite. In this structure,
the third layer has the same stacking order as the second to the first and the
resulting stacking ABC' is formed along the c-axis. The ratio of rhombohe-
dral /hexagonal stacking can be increased by deformation processes such as
grinding or powdering. However, by heating up to 3000 °C the hexagonal
structure is completely restored [52].

The third allotropic form of graphite is the so called turbostratic graphite, a
peculiar stacking of parallel graphitic mono-layers with no periodicity along
the c-axis. In this structures the layers are randomly shifted and rotated
and the interlayer spacing is changing from plane to plane.

The fourth allotropic form is the AA graphite, where the carbon atoms are
directly located on top of each other, leading to an AA stacking sequence (see

in 1924 [49, 65].
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Figure 3.2). This structure is highly instable in pure graphite, nevertheless in
Lithium intercalated graphite this structure becomes the most energetically
favourable [66]. Moreover, a recent work has shown that regions of AA
stacking should be present along the graphite Moire patter [48|.

Several sources of crystalline graphite are available, but differ somewhat in
their overall characteristics. Nowadays the graphite samples frequently used
are:

e Natural single crystal flakes: natural graphite is found in many parts of
the world including United Kingdom, United States, Italy, Madagascar
and Siberia. The flakes are usually small in size (typically much less
than 0.1 mm in thickness), and contain defects in the form of twin-
ning planes and screw dislocations. They also may contain chemical
impurities like iron and other transition metals [50].

e Kish graphite: this synthetic type is obtained by cooling a carbon-
saturated iron melt, and then purifying the graphite in flowing halo-
gen gas at high temperature. Kish graphite flakes are often larger than
natural graphite flakes, which makes kish graphite the chosen mate-
rial when large single-crystal flakes are needed. However, like natural
graphite these samples may contains chemical impurity [64].

e Highly Oriented Pyrolytic Graphite (HOPG): nowadays these sam-
ples are the most commonly used high-quality graphitic material. The
HOPG is prepared by the pyrolysis of hydrocarbons above 2000 °C and
the resulting pyrolytic carbon is subsequently heat treated to higher
temperature to improve its crystalline order. When stress annealed
above 3300 °C, the HOPG exhibits electronic, transport, thermal, and
mechanical properties close to those of single-crystal graphite, showing
a very high degree of c-axis alignment [50, 49].

Elasticity in Graphite

The elastic behavior of a completely asymmetric material is specified by 21
independent elastic constants, while for an isotropic material, the number is
reduced to 2. In between these limits the necessary number is determined
by the symmetry of the material. In case of hexagonal crystals (graphite)
the number of the second order elastic constants is 5.

The elastic constants in graphite fall in three groups depending on which
bonding type is mainly involved:
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Second Order Elastic Constants C;; (GPa):

Cn Ci2 Cs3 Cua Cis Ci1+ Ci2
Trickey [71] — — 13 — — —
Hasegawa [72] — — 30.4 — — —
Yin [70] — — 54 — — —
Boettger [69] — — 40.8 — -0.5 1279.6
Jansen [73] — — 56 — -12 1430
Mounet [68] 1118 235 29 4.5 —2.8 1353
Blakslee [56] 1060 +£20 180+20 36.5+1 0.018—0.035 15+5 1240 £+ 40
Zhao [60] — — — — 22+2 —
Grimsditch [57] — — — 5.05+0.35 — —

Rev. Exp. [74] 1060+20 180+20 36.5+1 5.056 £0.35 7.9+3.5 1240 £ 40

Table 3.1: The second order elastic constants. The bottom (top) side of the table is
referring to the experimental results (theoretical results: density functional theory within
LDA approximation). The last column is the revised experimental elastic constant that
are belied to be the most reliable [74].

Ci1, Cia: sp? bonding interactions within the graphene planes
Cs3, Cyy: 7 bonding between planes
Cis . sp® bonding interactions within the graphene planes with respect

to the m bonding between planes
The most complete experimental study on the graphite elastic constants is

the work of Blakslee et al. [56]. These authors have determined the full sets
of second order elastic constants by ultrasonic, sonic resonance and static
test methods.

The graphite samples used by Blakslee et al. were turbostratic graphite
(plane randomly oriented?). Pyrolytic graphite was annealed under a com-
pressive stress perpendicular to the basal plane in order to promote crys-
talline growth (up to 20 — 50 pum) and aligns within 0.1° — 0.5° along the
c-axis.

Among the 5 elastic constants found by Blakslee et al., two of them (Cjy,
C13) have been revised [74].

The reported values for Cyy ranged from 0.018 to 0.035 GPa [56]. Baker
et al |75] have shown that these low values are due to the gliding of basal
dislocations (the Peierls stress or these dislocation is quasi zero [54]). These

2Because second order elasticity is isotropic in the basal plane, the random plane orientations
does not affect the elastic constants [56]. This isotropy does not extend to the third-order elastic
constant [74].
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authors have shown that a light dose of neutron irradiation at relatively
low-temperature pins the dislocations and thereby increase the Cyy value up
to 5.05 + 0.35 GPa [57, 58]. The latter elastic constant is the revised value
for C44.

A new value for Cj3 was proposed by Zhan et al [60]. In this work X-ray
diffraction data have been obtained on polycrystalline graphite and using the
linear bulk modulus the authors suggested a higher value of Ci3 of 22 4+ 2
GPa. Unfortunately they inadvertently used the expression for the planar
bulk modulus and not the linear bulk modulus. If their procedure was carried
through correctly, the value of Cy3 is lowered to 7.9 + 3.5 GPa [74]. The
latter elastic constant is the revised value for Cis.

In Table 3.1 are resumed the second order elastic constants measured using
different experimental techniques (bottom side of the table) and calculated
within the local density functional theory (top side of the table). The last
column resume the revised experimental elastic constants that are believed
to be the most reliable [74].

As I pointed out in the introduction, the value of the ('3 elastic constant is
positive (negative) for experimental (theoretical) studies, respectively.

3.3 Elastic Constants in Graphite

The elastic energy per unit volume w of a crystal under strain ¢; can be
Taylor expanded in powers of the strain tensor in the following way:

6 6 6
w = %ZZCM‘&'S]‘ + % chijkgigjgk (31)
Ti=1 j=1 '

1 j=1 k=1
where Cj;, C;j;i, are the second and third order elastic constants respectively
and ¢; are the components of the strain vector &€= (g1, &9, €3, €4,€5,6¢). The
latter equation is called the Lagrangian strain energy.

For hexagonal graphite I have 15 independent elastic constants (5 second
order and 10 third order), while the remaining constants are related to them
by crystal symmetries (see Table 3.2).

Thus the elastic energy per unit volume becomes:

6
1=

1 1 1 1
w = +§ (6% + E% + ZE%) 011+(€1€2 — 182) 012+§55033+(6183 + 8283) 013
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1 1/1 1 1 1 1
+§ (8421 + 8?)) 044 + 5 <§E? + 58%52 + 55183 + 583) 0111 + 66%0333

1 1 1 1
+ (—5%53 + £16983 + 5535;;) Ciiz+= (—5%52 - 25153 + 563 + 5152) Cl66

2 2
1 2 2 1 2 2 1 2 2
+2 (e3e7 + €3¢3) 0344—1-2 (163 + €287 — cae586) 0144+2 (165 4 263) Cuss

1 1 1
+§ (—38362 — 8163 — 552 + 826%) 0266 + 5 (—4616263 + 538%) 0366

1
+§ (626421 + 61€§ + 64€5<‘36) Coua (3.2)
The elastic constants are then calculated by applying different strains ¢; to
the equilibrium lattice configuration. The primitive lattice vectors of the
hexagonal graphite are defined by:

a §a0 —§CLO 0
ay | =| tay Lay 0 (3.3)
as 0 0 Co

where ag, ¢y are the lattice parameters. Under strain the primitive vectors
a; are transformed into the new lattice vectors a by:

ay | =1\ az | (L +¢) (3.4)
ay as

where ¢ is the strain tensor® and I is the identity matrix. The strain tensor
¢ is linked with the strain components ¢; by:

1 1
€1 366 3E€5
— 1 1
e=| 38 €2 3&4 (3.5)
1 1
585 584 £3

Therefore for any strain tensor € I get a relationship between the energy per
unit volume and the elastic constants.

In hexagonal graphite I have 5 second order elastic constants and 10 third
order elastic constants, giving a total of 15 unknown variables. Because

31 have used ¢ to denote the strain tensor, & for the strain vector and &; to denote the strain
components.
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Cr1 | Cp=0Cn1 C111 | C112 = C111 — C1e6 — 3C266
Cr2 | Ca3 =C13 Cr13 | Ci22 = C111 — 2C166 — 2096
Ci3 | Cs5 = Cyy C133 | Cazz = C111 + Cre6 — Coss
Cs3 | Cg6 = 5(C11 — Cr2) | Casz | Craz = Cr1z — 2Cs366

Cua Crag | Ca23 = C133

Ca4q | Ca33 = C133
C344 | C155 = Coyy
Cie66 | Cos5 = Craa
Co6 | C355 = C344
Cs66 | Case = 5(Caaq — Chaa)

Table 3.2: The symmetry of the elastic constants in hexagonal graphite. The odd
columns contain the components of each constant that have been selected as independent
and the even columns contain the relationship between them and the remaining non-zero
components [62].

the 2" and 3™ order elastic constants are uncoupled, I need at least 10
linear independent equations in order to determinate the full sets of elastic
constants.

Before describing the calculation details, I have shown some simple relations
between the elastic constants and the lattice parameters.

e (11 + ('5: Distortion that changes the size of the parameter lattice ag
(changing the size of the basal plane)

E
e = (04,04,0,0,0,0) — w= 1= (C1y + C1a) - 62 (3.6)
where 6, = a/ay represents the relative displacement with respect to

the parameter lattice ag. As the volume of the primitive unitcell is:

3
V= g - agco (3.7)

the latter relationship can be rewritten as:

da? 1 d’°F 1 d&°F
dé? = 2—- Ciy+ Cra = — = 3.8
. a% — 11+ C12 V do? \/gco da (3.8)

Therefore the sum C'; + C}5 represents how the energy changes with
respect to the parameter lattice ay.

e ('33: Distortion that changes the size of the parameter lattice cq:
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1
e=(0,0,0,0,0,0,) —s w:vzﬁ-cgg-éf (3.9)

where §. = ¢/co represents the relative displacement with respect to
the parameter lattice ¢y. The latter relationship can be written as:

dc? 2d’E  2-¢y d’°FE
o’ = 2— Ci3 = — = 3.10

Therefore the elastic constants Cs3 represents how the energy changes
with respect to the parameter lattice c¢.

e (13: Distortion that changes the sizes of the lattice parameters ay and
co (preserves the symmetry but changes the volumes)

1
e = (04,04,0,0,0,6.) +— w=(C11+Ch2) 52 + 503353 + 2C13040,

(3.11)
The latter relationship can be written as:
da dc 1 d*FE 1 d°FE
dd, = — , db. = — Ci3 = — =
a o '_> B9V dé,do, v/3a, dade
(3.12)

Therefore the elastic constants C3 represents the second derive of the
energy with respect to both the parameter lattices.

The second and third order elastic constants have been determined by ap-
plying different strain vector £ to the 4-atoms primitive unitcell. The strain
vector used in this work have been chosen with the criteria that the rela-
tionships between strain energy and elastic constants is the simplest one.
In this way it is easier to check the convergence for each elastic constant
separately with respect to the calculations accuracy (k-points mesh, basis
set sizes, cut-off energies) and sizes of the applied strains.

The strains chosen are listed in Table 3.3 where ¢§ is the amount of uniaxial
lattice distortion, with 6 > 0 in case of expansion and § < 0 in case of
compression. The 1%¢ and 3" selected strains (rows in Table 3.3) are linearly
dependent on the others and they are used to double-check the calculations.
Then the elastic constants are found by fitting the strain energies w with
the respective energy values obtained by ab-initio simulations.

The calculations are based on density functional theory in the local density
approximation using the exchange-correlation functional as parametrized
by Perdew and Wang [84]. Norm-conserving pseudopotentials with non-
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9 w Cij, Cijk
(0,0,0,4,5,0) 52Cuq4 Cyy
(6,0,0,0,0,0) 162C1 + £6°Cin Ci1, Chyy
(0,0,0,0,0,8) 162C11 — $6%C12 o
(0,0,4,0,0,0) 16%C33 + £63Caa3 C33, Cya
(0,4,0,0,0,0) 162C11 + £63C111 + £63C166 — £03Cags o o
(6,4,0,0,0,0) §2Ch1 4 62C1 + 453C111 — 463C166 — 25%Cheo 100 266
(6,0,0,6,0,0) %52011 + %52044 + %530111 + %530144 Clay
(6,0,0,0,8,0) 162C11 + £6%2Caa + §63C111 + 50°Caaa Coua
(0,0,6,6,0,0) 162Cs3 + 162Cua + £0°Ca33 + 10%Csa4 Caay
(0,0,4,0,0,8) 162C11 — $6%C12 + £6%Ca3 + §63Ca33 + 50°Caee Cies
(6,0,6,0,0,0) 162C11 +02Cus + 302Ca3 + £63C111 + $6°Cris + 303C133 + £6°Chas Cis

(6,0,—6,0,0,0) 562C11 — 62Ciz + 502Caz + §0°Ci11 — $6°Criz + 50%Cizz — $6°Ca33 Ciis, Cjag

Table 3.3: The Lagrangian strain energy w for each strain vector £ = (&1, €2, €3, €4, €5, £6)-
Each relationship is used to calculate the respective elastic constants showed in the third
column.

local core corrections based on the Hartiwigsen-Goedecker-Hutter scheme
[86] were used. The charge density is represented by a plane-wave basis in
reciprocal space expanded up to 2000 Ryd while the Brillouin zone integra-
tions are performed with a Monkhorst-Pack [32] scheme with mesh up to
128 - 128 - 16 k-points. The basis sets employed consist of s, p and d Gaus-
sian orbital functions with four exponents, centered at the atomic sites [85].
Typical basis set used are pppp, pdpp, pddp, pdddp.

Here the elasticity of graphite and graphene is studied using the basis set
pdpp, a k-points mesh of 16 - 16 - 6 and a charge density cut-off of 600 Ryd.
Test calculation have shown that even if the total energy is 5 mRyd/atom
higher than the convergence value (basis set pdddp, k-points mesh of 128 -
128 - 16, charge density cut-off of 2000 Ryd), the lattice parameters and
respective elastic constants are still well convergent (due to cancellation of
errors between energy differences).

The lattice parameters found are ¢ = 2.444 A and ¢ = 6.63 A in good
agreement with the respective experimental values a = 2.452 A =667 A
[60, 80, 81].

The calculated second-order elastic constant are shown in Table 3.4.

This work confirm the previous theoretical studies [68] and in general slightly
improve the agreements with respect the revised experimental data. The
elastic constants C1, Co, Cyy and the value Cy; 4 C}5 are well in agreement
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Figure 3.3: Strain energy per unit volume w as a function of the lattice distortion ¢,
for the twelve different strains defined in the Table 3.3. On the bottom of each picture
is shown the relation strain w with respect to the chosen lattice distortions 6. The blue
curves represent the functions w (9) fitting the ab-initio data (black points).
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Second Order Elastic Constants C;; (GPa):

Ci1 Ci2 Cs3 Cua Cis Cn + Cr2

Trickey [71] — — 13 — — —
Hasegawa [72] — — 30.4 — — —

Yin [70] — — 54 — — —
Boettger [69] — — 40.8 — —0.5 1279.6
Jansen [73] — — 56 — —12 1430
Mounet [68] 1118 235 29 4.5 —2.8 1353
Present work 1105 182 30.5 4.8 —2.3 1286.4

Rev. Exp. [74] 1060+20 180+20 36.5+1 5.05+0.35 7.9+£3.5 1240440

Figure 3.4: The resulting second-order elastic constants calculated via density functional
theory within LDA approximations. In the bottom row are shown the revised experimen-
tal elastic constants [74] (the units are in GPa).

with the experiment while the value of Cs3 and in particular Ci3 show a
remarkable difference of about 14% and 129%, respectively.

I observe than in graphite Css is 36.5 GPa, a mere 3% of its diamond equiv-
alent C33 = (71 = 1215 GPa, while the combination that relates to uniform
strain within layers, C'; + (5 is 1274 GPa in cubic diamond. Thus graphite
is as stiff as diamond along the planes but 30 times more compliant between
layers.

In diamond and semiconductor materials the theoretical and experimental
elastic constants are in agreement within a range of +15%. The tempera-
ture effect and /or the presence of point defects can easily explain the £15%
difference in values between theory and experiment, nevertheless a disagree-
ment of 129% is far to be explained and a more elaborate explanation should
be require.

Later in the last section of this chapter I will show that the values of the
mesoscale elastic constant C4 and C{4 are both in agreement with experi-
ment within a range of +£11%.

At the present, no experimental data are available on the third-order elastic
constants.

The ultrasonic and sonic resonance technique cannot measure the third-
order elasticity of compression-annealed pyrolytic graphite. This material
consists consists of layers that are stacked with high precision (c-axes parallel
within 0.5°) but whose a-axis are distributed at random. In spite of this it is
still possible to find the second order elastic constants because second order
elasticity is isotropic in the basal plane, rendering the randomness invisible.
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Third Order Elastic Constants Cjj, (GPa):

Cin Ciiz  Ciss U333 Craa

Cousin et al. -11690.5 -7.4 -120.0 -572.0 -8.6
present work -6949.1 -10.8 103.4  -417.4 -2534.8
Casa C344  Cies Ca66 Cs66

Cousin et al. 4.8 -74.7  -6786.8 972.0 3.4
present work -2337.38 -66.3 -4618.3  90.7 158.3

Figure 3.5: The calculated third-order elastic constants compared with a previous study
based on the empirical Keating model [74]. The calculated C113, Cs33, C344, Ci66 are in
agreement with the previous study within a range of 13 —47%, while larger disagreements
are found between the remaining elastic constants. These results suggest that at least
one parameter used in the Keating model should be not reliable (the Cj;; units are in
GPa).

This isotropy does not extend to the third order elastic constants. Since the
latter are usually measured by determining the uniaxial stress dependence
of ultrasonic wave velocities thought single crystals it is unlikely that they
will be determined directly in the foreseeable future.

A possible way to measure the third-order elasticity is by compression of
graphite powder following the changes in the lattice parameters by x-ray
diffraction technique [63]. With this technique both second and third order
elastic constants may be determined.

Table 3.5 show the third-elastic constants calculated in this work compared
with the only previous study based on the empirical Keating model [74].
The calculated Chi3, Css3, Csga, Ciee are in agreement with the previous
study within a range of 13 — 47%, while larger disagreement are found be-
tween the remaining elastic constants (up to 972% in case of Cags). In the
Keating model the experimental second-order elastic constants, their pres-
sure derivatives and the zone-centre optic mode frequencies are used as input
parameters in order to determinate the third-order elasticity. The large dis-
agreement found here suggest that at least one these parameters should be
not reliable.
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3.4 Mesoscale Elastic Properties of Graphene

3.4.1 Introduction

The recent discovery of graphene, a single planar layer of sp? bonded carbon
atoms has struck the research community with its unusual properties and
potential practical applications [?]. The true cause of the compelling interest
is that graphene provides a powerful test-bed on which to explore the validity
of some of the core concepts of solid-state physics.

Several years ago Peierls and Landau showed that thermal fluctuations
should destroy the long-range order of any planar crystals and therefore
a strictly two-dimensional crystal should not exist. Nevertheless graphene
does exist and recent transmission electron images showed that its structure
is not perfectly flat, but rather exhibits an intrinsic static roughening (bend-
ing) with an estimated height of about 1 nm and spatial length ranging from
1 nm to 25 nm [83].

Before to study the mesoscale elasticity of graphite, it is simplier to start
the analysis with a single isolated graphite-plane (i.e. graphene).

The conclusion of this work will give new insight on the real physical struc-
ture of graphene.

3.4.2 The formation energy of a bent thin plate

In this section I study the energy of a thin bent plate. When I speak of a
thin plate, I mean that its thickness is small compared with its dimensions
in the other directions. We take a coordinate system with the origin on the
surface of the thin plate with the z-axis normal to the surface. The xy-plane
is that of the undeformed plate (see Figure 3.6).

I denote by ( the vertical displacement of a point on the surface of the
undeformed plate, ¢.e. its z coordinate. The components of its displacements
in the xy-plane are evidently second order in (, and therefore I neglect them.
Thus the components of the displacement vector for any point on the surface
of the plate are:

Uy =u, =0 and u, = ((z,y)

The strain energy per unit volume w is the product of stress o;; times strain

u;; for each components,

1
w = §Uijuij (313)
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Within the isotropic elasticity the stress tensor is given in terms of the strain
tensor by the following general relation:

E o
ik =T——| W 0; 3.14
ik 1+a(“’“+1—2au” ’“) (3.14)
where ;. is the Kronecker delta. In component form the stress tensor be-
comes:
¢ E
T 1— TT 2z
g (1_’_0_)(1_20_)[( O')U —i—a(uyy—i—u )]
E
Oyy = (1+0_) (1_20_) [(1—0') Uyy+0'(umm+uzz)]
E
zz - ]- - 22 T 315
E
Og = Ug
v 1+o0) ™
E
Ogz = Ug
(1+0)
E
Oy> = Uy
Y (1+0) "

\

where F is the Young modulus and o is the Poisson ratio.

As the plate is thin, comparatively small forces on its surface are needed to
bend it*. T can therefore neglect the forces on the surface, leaving

ok Nk =0 (3.16)

Since the plate is only slightly bent, I can suppose that the normal vector
n remains along the z-axis. Thus I must have on both the surfaces of the
plate 0,, = 0,. = 0., = 0 and use these stress conditions to determine the
components of the strain tensor.

Imposing the stress conditions I get

Oze = 0 — Uzy = 0
0.y =0 — Uy =0 (3.17)
o
0., =0 — Uy, = —m (Uaz + Uyy)

“Later I will apply forces only parallel to the plane and therefore this approximation will be
further reinforced.
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Figure 3.6: Bending of a graphene plane. The origin of the coordinate system is on
the surface of the thin plate with the z-axis normal to the surface. The zy-plane is
that of the undeformed plane. Each atom on the surface of the plane is displaced

by u, = ( (x,y).

For small deformations, the strain tensor is given by the general equation:

1 .
Ui = (5% + 5“’“) (3.18)

2 ox,  0x;

thus from the first two of the equations 77, I obtain

OUy o, % B _5uz

= — = 1
0z ox and 0z oy (3.19)
replacing u, with ¢ (z,y) I have,
5¢ ¢
Up = =20 o and Uy = —2 - 5 (3.20)

where the constants of integration are set equal to zero in order to satisfy
the following initial condition:

Uy = Uy =0 for z2=0 (3.21)

knowing u, and u, the components of the strain tensor are
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6%¢
Uyy = _Z'W
o 3¢ 6%
- O () 22
ez 1-0 ~ (5x2+5y2> (3.22)
RS
oy = oxdy
YUy, = Uy, = 0

I can now determine the free energy w per unit volume of the plate:

1
w = §0ijuij:

1
=5 (2 Opallyy + 2 - Opyllyy + 2 0oy + Opylyy + Oyallyy) =

- b )[(1—a)u§y+a<um—

g

—— (Uge + uyy)) uyy]

(1+0)(1—20

(1-0)uz, +o (“yy T 1_o (tge + uyy)) um}

+(1+0)(1—2a)[

P
U e
l+0 ™
L 1
= {2 {(uxx + uyy)2 +2(1—-o0) {5 . uiy — umuyy} } (3.23)

replacing the strain components ., Uy, and u,, I have

E §2¢ 8%\’ 82C N\ 8% 6%
= — = 2(1— -— 3.24
R g {((53:2 + oy? ) +2(1-0) oxdy dx? §y? (3:24)
The total energy of the plate is obtained by integrating over the volume.
The integration over z is from —1/2 h to +1/2 h, where h is the thickness of

the plate, and over the surface of the plate (xy plane). Therefore the total
free energy of a deformed plate become

E -1
24(1— 02

//{(g%+i) +2(1-o0) [(5f§y)2—%§iy§]}dm@.25)

65

Ebend




Mesoscale Elastic Properties of Graphene

where the quantity ( is the vertical displacement of any point on the plate.
The bending modes of a graphene plate are periodic with a sine or cosine
behavior depending on the initial conditions. Here I consider the simplest
solution of the latter equation; a pure sinusoidal bending mode along only
one direction (the z-axis):

w, = C(2,y) = a-sin <27TA' I) (3.26)

where @ is the amplitude® and ) is the wavelength of the bending mode.
Later in section 3.4.5 I will demonstrate:

o the simplest solution is the lowest in formation energy (the fundamental
one);

e the 1-dimensional bending is energetically favoured over 2-dimensional
bending;

taking in account the solution of equation 3.26, the formation energy of a
bent plate becomes

E-h3- Ay 52\
Etena = 24(1—&)/(@) do =
2

E-h3- Ay 7 42/A,2 2r - x d
= -—— ] a sin T =
24 (1 — 0?) A 0 A
_ E-BWP- Ay 2\ A 9
24(1—0?) A2
- E-h3 Ay a?
= vy 2
31—0%) N (3:27)
Therefore the formation energy of a bent plate is proportional to
a* . ™ E-h- Ay
Epeng = Const - e with Const = TS (3.28)

where @ is the amplitude and A is the wavelength of the bending mode. From
this result I can say that the most favourable bending mode will always
possess the largest wavelength and the smallest amplitude.
In order to study the elasticity of a bent plate I need to correlate the ampli-
tude a with the strain €. In the next section I shall give the exact numerical
relation and some useful approximate analytical solutions.

51 use @ to indicate the amplitude while a to indicate the in-plane parameter lattice.
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3.4.3 The relationship between amplitude and strain

The relationship between the amplitude @ and the stress € of a bent plane
along the z-axis with wavelength \ is given by the following elliptical integral

/0A \/1 + (5%:5))2659; =L, (3.29)

where ( (z) is the function describing the displacement of the atoms on the

basal plane along the [1010] direction (the z-axis). The value of this integral
corresponds to L., the arc length of the plate along the x direction.

In the general case the strain ¢ of a plate may contain two different compo-
nents; the strain homogeneously applied on all the atoms of the plate €poq
and the strain due only to the bending €pepgq-

e cpong: the homogeneous compression or expansion of the plate.
In this case all the distance between atoms along the z-axis are equally
compressed or expanded by the amount €p,,4.

e cpeng: the compression due only to the bending.
In this case all the atoms of the plate lie on a sinusoidal surface with the
distance between atoms along the z-axis unchanged. The compression
Epend 18 due only to the bending with amplitude @ and wavelength .

Therefore the total strain ¢ applied to the plate is the sum over the two
components: € = E€pond + Epena- 1 he bending wavelength becomes A = L -
(1 + ¢) and the arc length is L. = L-(1 + €pona), where L indicates the length
of the unstrained plane (along the z-axis).

Taking the simplest sinusoidal solution

C(z) =7 sin ( 27;' x) (3.30)

equation 3.29 becomes

/0A \/1 . (27;. a (27&- x))de . -

Although this integral has no analytical solution and therefore can be solved
only in a numerical way I can still find useful approximate analytic solutions.

Before discussing the approximate solutions of the latter equation let’s see
a useful property of the elliptical integral.
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Proposition
Doubling the length L of the plane doubles the amplitude @ and the wave-
length A. Expressed algebraically:

Hypothesis Thesis
L'=2L

g N =2\

bend — bend a/ — 2 a

6bond Ebond

Demonstration:
The starting point is the the elliptical integral in the variables X', L, @, 2’

)\/ 2 —/ I - ! 2
/0 \/1+< T4 cos( WX"T» o’ =L (3.32)

if I assume that L' = 2L with the strain components €on4, Epend Unchanged
I automatically assume that also the arc length L. and the wavelength \ are
doubled:

L=L1+¢h, ) =2L(1+ epong) = 2L
(3.33)
)\/ = L/ (1 + gg)ond + ggend) = 2L (1 + Ebond + 5bend) = 2)‘

Therefore the equation 3.32 becomes

/ \/ 27T @ 5(2;%/))2@’:2@ (3.34)

changing the variable x in

¥ =2x with  do' =2dx (3.35)

I have

/\/ 27T @ S(QWA'x))dezch (3.36)

the latter equation can only be satisfied if:
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a=2-a (3.37)

g.e.d

Now I try to find an approximate analytical solution of the elliptical integral,

&A&J1+(2ZfRDS(%Kx))ZIZIT 39

For small values of @/\ ~ 0 (z =~ 0) I can expand the square root in a Taylor

series:

2 4 6

VitZ=1+Z -2+ = 1o (3.39)

taking the expansion to second order, the approximate elliptical integral
becomes

A 272 . g2 o -
/0 (1+ 7T)\2a -COS2< W)\ x))dx:Lc (3.40)

with the following simple solution

2 L. —

5 - (3.41)

using the relations A = L - (1+¢) and L. = L - (1 + €pona) | get a simple
relationship between the amplitude @ and the strains e, epepg:

VI _ L

aznd = —Ebend (1 + 5)

The latter equation represents the 2"¢ order approximate solution. Taking
the n'"-order expansion of the Taylor series (from the equation 3.39) I can
find further, better approximations to the elliptical integral.

Here I list the 4" and 6! order approximate solutions:

awﬁzg¢§u+@(a+fy—¢a+fm1+g—%wm) (3.42)
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aang %(1&)(3(1%)-”'@%*”133 A) (3.43)

where the term A is

A=-531(1+)%+450 (14 &)* (1 — epena + ) + 10V3 (1 + &) -

\/989 (14¢)* = 1593 (1 +€) (1 — €pend +€) + 675 (1 — €pena +¢)° (3.44)

In table 3.4 I compare the different nt"-order approximations with respect to
the exact numerical solution a. As I increase the order of the approximation
the calculation time increases. Later in the elastic analysis, test calculations
have shown that the 6/"-order approximation is a good compromise between
precision and calculation time. For simplicity in the following analysis I have
used the simple 2"%-order approximation.

amplitude (A) (Anorder — @) /@

ona 0.5220149858 —2.638-1073
Tyen 0.5234121245 +3.143 - 107
Qgin 0.5233954186 —4.875-1077
Tgin 0.5233956783 +8.745 - 107
@yt 0.5233956736 ~1.496 - 10710
a 0.5233956737

Table 3.4: Different n'*-order approximate amplitudes with respect to the exact
numerical solution @. In the last column are shown the respective relative errors.
As I increase the order of the Taylor series the approximate amplitude tends to
the exact numerical solution. These approximations are better as much as the
ratio @/ is smaller. In these calculations the ratio @/ is 0.027 (the plane length
along the z-axis is L = 19.7 A, while the strain components are €pepg = —0.007
and Ebond — —0.003).

3.4.4 The elasticity of a bended plate

The formation energy of a 1-dimensional bent plate along the z-axis is

=2

a
Epeng = Const - ¥ (3.45)
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where the wavelength \ is related to the length of the plane L along the z
direction by the relation A = L (1 + ¢). Taking the 2"d-order approximation
for the amplitude a I have

> _7T4.E.h3.Ay EL2_7T4.E.h3-Ay 1 —Lngend(l—i—g)_

bend — 3(1_0.2) 23 - 3(1_0-2) 3 (1+€)3 2 =
2Eh3A  Cben, ~Cben

_ 5 v, Sbend 5 :C’onst-géd2 (3.46)
3(1—02) L-(1+e) L(1+e)

the negative sign of the formation energy reflects the physical meaning of
the bending; it is possible to bend only in compression region (€peng < 0).
In the expanded region the energy becomes negative and lacks any physical
meaning (the amplitude @ becomes imaginary).

This simple relation show powerfully that for small deformations the forma-
tion energy of a thin bent plate is linearly proportional to the bending strain
Epeng and inversely proportional to the length of the plate L.

Then the total energy of the plate is the sum of the bending energy compo-
nent Ej.,; and the energy due to the homogeneously compression or expan-

sion of the plate Eyyq:

—Ebend 2
el Oy el 3.47
L (1 + 5)2 11 bond ( )

Therefore when I compress a graphene plane I can have the following three
scenarios:

E = Ebend + Ebond = Const -

1. Homogeneously compressed flat plate: In this case all the atoms of the
plate lie on the same plane and the distances between atoms along the
x-axis are equally compressed. In this regime the formation energy of
the graphene plane is:

E=Cy € (3.48)

2. Pure uncompressed bent plate: In this case all the atoms of the plate
lie on a sinusoidal surface with the bonds between atoms equal to the
perfect graphene bond length. In this regime the formation energy of
the graphene plane is:

—€

E =Const- ——— (3.49)
L(l1+¢)
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3. Homogeneously compressed bent plate: In this case all the atoms of the
plate lie on a sinusoidal surface with the distance between atoms along
the z-axis equally compressed. In this regime the formation energy of
the graphene plane is:

—Ebend
L(1+¢)

with the condition that the total strain applied is € = €peng + Ebond-

E = Const - >+ Cht - Epona (3.50)

The first and third regimes are shown in the Figure 3.7 (right and left re-
spectively).

The question now that arise is:

“Is it possible to have a strain region in which I have a pure uncompressed
bent plate?”

The answer is no and [ proved it in the following:

Proposition

In small compression regime a thin plate is always homogeneously com-
pressed (bent or flat), but is never a purely uncompressed bent plate.
Demonstration:

The general formula of the plate energy is

—Ebend 2
_cbend 4 Oy 2, 3.51
L (1 + 5)2 11 bond ( )

for any values of the applied strain €. The latter equation can be re-written

E = Const -

in terms of the strains cpeng and € = €pond + Evend:

E Evend) = Const - ——— + 011 & — Ebend 3.52

(Ebena) T O e (352

now for any strain value € I want to find the strain component gp.,q that
minimizes the total energy E (€peng). In formula I have to impose:

OF (Epen 0*E (Epen
OE (pena) =0  with the condition ﬁ >0 (3.53)
O€bend 0Chend

taking the first derivative of the energy with respect to the strain component
Epena 1 have:

OF (bena) _0 . et Const

3.54
5€bend 2-L- CH (]. + 5)2 ( )
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while the second derivative of the energy with respect to the strain compo-
nent €pepq 18:
52E (5bend)

522 >0 — 2011 >0 (355)
Ehend

as the second derivative is always positive this solution minimizes the bend-

ing energy E (Epena)-
For simplicity I define a useful® constant K

Const

K= —
2'L'Cn

(3.56)
As the terms Const, L, Cy; are positive, so the constant K is always positive.
Once I know the stress component cp.,q I automatically know also the stress
components €pond = € — Epend:

Ebend =€+ —
bend 1+ 6)2
K V e < euritical (3.57)
& ond — —————————5
rond (1+¢)

As the strain components e, must be always negative’ these equations
represent a solution only when the total strain € is under the critical value
Eeritical- Above the critical strain I have ey, = 0 and therefore:

Ebend = 0
V € Z Ecritical (358)
Ebond = €

where the critical strain ... i found imposing the condition epepg = 0

K

Ebend =€+ ——=5 =0 3.59
vend (14¢)? (3.59)
Re-writing the latter equation I have:

c(14+e)+K=0 (3.60)

Imposing a real negative® solution I have:

5Later I will show that the critical strain e¢piticar ~ —K for small K.
"A positive value implies an imaginary amplitude with no physical meaning.
8Negative because I am in the compression region.
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Ebend (eV)

0.08

0.06 |
bent plane flat plane
€ < &ritical 0.04 > &ritical

4

-0.04 —0.02 0.02 0.04
Ebond

-0.02

€
bend ~0.04

Figure 3.7: The formation energy of a graphene plane when compressed (¢ < 0)
or expanded (¢ > 0). The green and blue curves represent the formation energies
when the strain ¢ is above or under the critical strain €..jical, respectively. The
red line represents the strain component &¢,,4, while the black line represents epo4
(For simplicity both are shown only in the compression region).

2 1 2
Ecritica :__+_3 +
el 303 \/2 — 27K + 33V 4K 1 27K?

1s/2—27K + 3v3V—4K + 27TK?
*3 9

(3.61)

above the critical strain e..;;.q; the plane is flat epeng = 0 and eppng = €,
while under the critical strain the plane starts to bend epepng = € — €critical
and €pond = Ecritical-

Later T will show that in general the value of K is small, therefore I can
expand the critical strain in a Taylor series and get the following approximate
solution,

Ecritical = —K — 2K — TK® — 30K* — 143K® — 728K° + 0 (K®)  (3.62)
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Cost
~— = 3.63
2-L-Cyy ( )
Now I demonstrate that the plate is never a purely uncompressed bent plate.
The proof is splits into two possible cases and demonstrated via reductio ad

absurdum (in both cases the contradiction of the proposition is found):

1. Case: ¢ Z Ecritical
1.e. flat plate homogeneously compressed or expanded.

I suppose that the formation energy of a purely uncompressed bent plate is
lower than the energy of a homogeneously compressed plate (left side of the
following inequality):

01162 > Cost - —c 5
L(1+¢)
2 Cost  —¢
L-Cy(1+¢)
K
2> 2 ——— (3.64)
(1+¢)
If € > ecriticar 1 have the following relation (see equation 3.59):
K
€vend > 0 — 5 >~ —¢ (365)
(1+¢)
therefore
K
€2>—25-—2>2€2 — 1>2
(1+¢)
(3.66)

The latter inequality is obviously impossible, therefore when € > c..tica1 the
plate is always homogeneously compressed or expanded.

2. Case: ¢ < Ecritical s
i.e. bent and homogeneously compressed plate.

I suppose that exist a range of values € where the formation energy of a pure
uncompressed bended plane is lower than the energy of a homogeneously
compressed bended plane (left member of the following inequity):

—e
L(1+¢)?

—Ebend

Const - + Ch1 - (€pona)” > Const - 3.67
ons L(1—|—€)2 11+ (Ebond) ons ( )
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using the relations of the equation 3.57 I have

_ K K2 _
C’onst-—E2 —Const ——— +Cpy+ — > Const-—62
L(1+¢) L(1+¢) (1+¢) L(1+¢)
K K?
—Const ——— +Cj- ——75 >0
L(1+¢) (1+¢)
Const
K% — K >0
L-Cn
K*—2K?>0
~K*>0 (3.68)

The latter inequality is obviously impossible. Therefore a graphite plane
cannot be a purely uncompressed bent plate but it is always homogeneously
compressed.

g.e.d

3.4.5 Discussion

In this section I have summarise the results obtained so far and their gener-
ality. In particular I have shown:

1. The simplest solution is already the fundamental one i.e. the solution
that minimizes the formation energy:

¢(z) =a-sin <27TA' x) (3.69)

2. 1-dimensional bending is always more favourable than the 2-dimensional
bending mode.

Summary of the results so far obtained: A graphene plane can be flat or bent
depending on the value of the applied strain e:

o Above the critical strain: € > €critical

The energy of the strained flat plane is:
E = 011 . 82 (370)
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o Under the critical strain: € < €ritical

The plane is bent and homogeneously compressed with energy:

E = Const - l”dQ +Ch1- €0 (3.71)

L(1+¢)

with

Evend = € — Ecritical
Ve S Ecritical (372)

Ebond = Ecritical

using the latter relations I found another way to write the formation
energy with respect to the critical strain €.iticai,

—€+ Ecritical

E = Const - 5
L(1+¢)

+Chy - €2 (3.73)

critical

The formation energy describing the behavior of a graphene plane under any
applied strain € can be written as:

—€ + Ecritical 2 }
E = Const- Sl 4 02 i b0 (6 + Eenticar) +
{ L(14e)? 1 Toried ( tea)
+011€2 -0 (8 - gcritical> (374)

where I have used the Heaviside step function ¥ (z) defined by

0 <0
v(x)=4 1/2 z=0 (3.75)
1 x>0

Now I demonstrate the generality of the results found. The first step is the
following:

Proposition
The simple solution

C(z) =7 sin < 27;' x) (3.76)

is already the fundamental general solution of the bent plate equation.

Demonstration:
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The general solution of the equation 3.25 is periodic with respect to the
wavelength .

Here for simplicity I discuss only 1-dimensional bending (along the z-axis).
A general way to represent periodic functions is by the Fourier series: an
expansion of a real function in sines and cosines terms such as

ad I oM - o I oM -
((x) = % + ; ay, cos (WT”) + ; by, sin (WT”) (3.77)
Imposing the boundary condition:
C(0)=0 (3.78)

I have only the odd components,

¢(a) = gbn sin <27T#) (3.79)

As the plane is homogeneous I can require that the positive and negative
values of the function ¢ (x) are symmetric®:

C(x)|0§m§7r = <($)|ng§2n (3.80)

therefore only odd n are allowed. The general solution becomes:

. (2m-x , 21 - x , 2 - x ' oI -1
Q(ﬂf):blsm( \ )+bssm<3- \ )+b5sm(5- 3 )+b7sm(7- 3 )

_ i by, 1 Si0 {(Qn 1) 27&' ”j} (3.81)

n=1

where the first term represents the “carrier” wave while the following terms
should be regarded as small corrections to the carrier wave.
The second derivative of the displacement function is:

5%¢ (x - 52
5x(2 ) — Z b2n_lﬁ S1n |:(27’L - 1)
n=1

2m x} - (3.82)

9This observation simplifies the mathematical handling of the equations. Nevertheless without
this simplification, the following treatment remains valid with the same conclusions.
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(X 7 (X)=by SINRTIX/A )
Z (X)= by SINRTIX/A ) +h SiBfx /A
— 7 (X)=by SIn@mx /A ) - SiBfTx /A

ol

N where: bl =a

AN N
oAl A

Figure 3.8: The displacement function ¢ (z) for different values of the constants
b1 and bs. The red function is the “carrier” wave. All the different displacement
functions are solutions of the 2" order differential equation describing the bending
energy, but only the fundamental one possesses the lowest energy.

— i b1 ((Zn —1)- 27”)2 sin {(271 —1)- 27;' x} (3.83)

Thus the formation energy of a bent plate becomes:
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E-h? Ay [* (6% (x) 2
Ebend—m/o ( 572 ) dx =

_E-n Ay o\ % . o -

_E-n- Ay87r
24 Zb2n 1 =

- E-h3- Ay S b2 (2n—1)*

3(1—0?) A3
b 2n—1)"
= Const - L) 2”_)\13( n-1) (3.84)

where the firsts few terms of the bending energy are:

1
Eyena (bn) = Const - 5 (b7 + 303 + 502 + 702 + 903 + 11%7, ...) (3.85)

if only by # 0, I re-find the earlier relationship

_2
a . _
Epena = Const - e with a=by (3.86)

Then the bending energy (equation 3.85) is minimized with respect to the
constants b; with the condition that the arc length along the z-axis is L.:

/A \/1+ (6< (@)

where the ﬁrst derivative of the displacement function is

It .
Zbgn 15 Sm{2n—1) W)\ I} =

- ib%_l ((2n ~1)- 2{) cos [(Qn —1)- 27&' ﬂ (3.88)

Minimizing the bending energy FEpenq (b,) and requiring that arc length is

)Qd:r =L, (3.87)

equal to L. I have found which set of b, gives the lowest formation energy!’

10As the arc length condition requires the solution of an elliptical integral (with no analytical
expression), the minimization analysis was carried out precisely in a numerical way.

80



Mesoscale Elastic Properties of Graphene

The minimization analysis was carried out numerically using a finite Fourier
expansion (n = 5,10, 20, 50) for several plane lengths (L = 20, 40, 100, 2000
A) and strain components (€pend, Epona ranging from —0.1 to —0.001 with
increment —0.001). In all the cases the most energetically favourable set b,
are:

by #0 and b; =0 1> 2 (3.89)
The physical meaning of this result is the following:

The bending energy is proportional to the curvature of the
plane. As I increase the curvature I also increase the corre-
sponding energy. The carrier wave ¢ = 1 is the lowest curva-
ture function while the following terms b; increase the curva-
ture and therefore the energy (see Figure 3.8). Therefore the
fundamental solution is:

C(z)=a-sin (27;' x) (3.90)

In order to get a mathematical feeling of this result I will prove it taking
the simple 2" order approximation for the elliptical integral. Defining the

following function f (z):
f(x) = \/1 + (5%55)) (3.91)

Its Taylor series when b, /A &~ 0 becomes:

[ (5 -5 () -

o™ 2T o . m
= Z 5£m (; nzzobzn_1 (2n — 1) cos {(271 —1)- 7T)\ x})

Integrating the Taylor series the approximate elliptical integral becomes:

[
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A > 5m m
_)\+/ (;;m (A > (2n - 1)~62n1> dx (3.93)

n=1

taking the 2"¢ order approximation of the elliptical integral and imposing
that the arc length is equal to L. I have

2
™
A (b7 + 3°b5 + 5%V + T°b7 + 9%b; . ..) = L.

L_
(b7 + 3%03 + 5702 + T°b2 4+ 9% .. ) = g————jjﬁliﬁ._.aQ (3.94)
™

where the second member of this equation is called @®>. Now the bending
energy becomes:

Epend (bn) = Const-~3 (b2 305 + 502 + 702 + 9%b; + 1107, . .)

= Const - % (@ + (3*=3%) b3+ (5' =5*) b2+ (7" = T*) b3 +...)

= Const - — ( 2+ i 2n —1)" — (2n — 1)*) wg) (3.95)

as the sum terms are always positive, the only way to minimize the formation
energy is to set b, =0 V n # 1. Therefore

a=b and b,=0 Vn#l (3.96)

and I re-find the physical meaning of amplitude of the simplest solution.

¢ (2) = by - sin (QWA'”T) — - sin (27;':5) (3.97)

Therefore the latter solution minimizes the formation energy of a bent plane.

g.e.d

Proposition

The formation energy of 2-dimensional bending mode where bends
are orthogonal to each other is double the formation energy of a 1-
dimensional bending:

Eggnd =2 Ebend
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Demonstration:
If I have two bending modes orthogonal to each other with the same wave-
length A the displacement function can be written:

¢(z,y) =a-sin (27&' x) . sin (27&' y) (3.98)

As the bending energy of a plate is

E-n?
E2d =
bend — 24 1 _0_2)

// {(g; %)2%(1—0) [(ggy)Q—%%”m@gg)

The single terms of the integral are

53¢ 6% 2 Br2.a | (2w . [ 2m-y 2
(@ + (5_y2) = (— g sin < 3 ) -sin ( ) )) (3.100)
6%¢ 2 B An? @ 27 - x 2m -y 2 (3.101)
5055 ) = o oS 5y cos 3 :

52 0%¢ 167t -a* ., 2m-x\ ., (2m-y
—@@ _—T-sm( )\ )-sm( ;) ) (3.102)

The sum of the latter two terms is

6%¢ 2 62¢ 62¢  8mt-a@? AT - x AT -y
- = . . 3.103
((5x5y) dx? oy? A o8 ( A ) o8 ( A ) ( )
as the integral is over the whole period X of cosine functions this sum does

not contribute to the total formation energy. Therefore the bending energy
becomes (see equation 13):

E-h 272 .a X 2m -y
24 _ 2 _
Eivg= 21 (1= 0?) ( ) / / sin? < > -sin ( ) > drdy =

E - h? (23 72 _> N w2 E-h 2a°

T 21—\ N 22 3(1-02) A2 (3.104)

the latter equation represents the energy of a bent plate initially flat in the
xy plane.

83



Mesoscale Elastic Properties of Graphene

@ (b)

K oy,
SR
L
NS
\“‘::“\::“‘:“ R
R

iy 7 i&:;‘i\ y
. RN eSS SN
a oy N g SN
Z (X1Y) Y rhtp 7 «‘:“‘:“\\\
R A LIRS
o\ A2 R LT
/7
111 !
177

(xy)

Figure 3.9: Two bending modes orthogonal to one an other. (a) Plot of two
independent sine functions along the z (red curve) and y axis (blue curve). The
combination of these two bending modes gives the following interference pattern:
(b) Plot of the displacement function ¢ (x,y) along the xy-plane.

The thickness of the plate along the z-axis is h while the wavelengths along
the x, y directions are A. Comparing with the formation energy of a 1-
dimensional bent plate (see equation 3.28 ) with the same wavelength A
(along the z-axis) and sizes Ay (along y-axis), h (along z-axis)

1d - E-h3- Ay a?

Ebend - 3 (1 _ 02) : E (3105)

imposing the same length along the y-axis (Ay = A) I have:

2. E-n® 2a?
pe T &R 2 3.106
bend 3 (1 _ 0_2) /\2 ( )
2 3 =2
1d o . E * h a o 2d
Ebend - 3 (1 _ 02) ' ﬁ =2- Ebend (3107)

therefore the formation energy of 2-dimensionally bent plate is double that
of a 1-dimensionally bent plate, ceteris paribus.

g.e.d
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Figure 3.10: The mesoscale elastic properties of graphene are studied using differ-
ent unitcell sizes. The stoichiometry of the unit cell are C3o, Cgq, Ciog, Casg-

3.4.6 Simulation of the mesoscale elasticity of graphene

In this section I have studied the mesoscale elasticity via density function
theory and the meso-elastic theory previously developted.

The exchange-correlation energy is parametrized within the local density
approximation using the Perdew and Wang functional [84]. The wavefunc-
tion basis sets used is pdpp, the same basis used previously for the classical
elastic theory. Norm-conserving pseudopotentials based on the Hartiwigsen-
Goedecker-Hutter scheme were used [86]. The charge density is represented
by a plane-wave basis in reciprocal space expanded up to 600 Ryd. To per-
form the Brillouin zone integrations I use a Monkhorst-Pack scheme [?] with
mesh 1 x 10 x 8 k-points. In order to take into account the possible disper-
sion of the levels inside the band gap, a metallic filling is used, where the
number of electrons at each k-point can differ.

I have used different unitcell size with stoichiometry Csa, Cgyq, Cias, Casg (see
Figure 3.10). The unitcell lattice vectors are orthogonal between each other
with length

{ I, =8 ag - (32 — Natom) (3.108)

ly = V3. ao

where g0, is the number of atoms of each unitcells. Along the c-axis the
distance between the unitcell and its image is set to 12 A. The latter distance
assure no interaction between the neighbour unitcells and at the same time
a good compromise with its sizes'!.

The bending of the graphene plane is simulated by appling different strains
g1 along the [1210] direction. The strains chosen are 21 ranging between
40.02 with increment 0.001.

HTncrease the distance along the c-axis means larger vacuum regions and therefore longer
computational time.
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Figure 3.11: The formation energy per unit volume with respect to strain incre-
ments ¢ along the [1210] direction for the different unitcells shown in Figure 3.10.
The linear behavior in the compression region is due to the bending of the planes.

In Figure 3.11 are shown the results. The red points represent the ab-initio
formation energies of the respective unitcells (see Figure 3.10) while the
black curves are the numerical results of the meso-elastic theory developted
previously.

At the second-order approximation I have found that the formation energy
describing the behaviour under any applied strain ¢ is:

—€+ Ecritical 2 }
E={Const - ——LEeritical 4o og2 b9 (—e + eoritical) +
{ L(te) 11 Earitical (VU ( tical)
+01152 - (8 — 5critical) (3109)

where C1; is the classical elastic constants (C1;=1100 GPa) while Const
represents the in-plane bending constant defined as:

T E-h3 Ay
3(1—0?)

as we do not know the Young modulus E and the Poisson ratio o the value

Const =

(3.110)

of the bending constant is found by interpolation the ab-initio data of the
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Lx Ecritical E <Ecritical) E (Ecritical) . %
C3s 19A 0.022 0.532401 1.0648021
Ces 19A 0.0017  0.003190 0.0063580
Clas 19 A 0.0003  0.000561 0.0011220
Csi2 19 A 0.00005 0.000003 0.0000055

Table 3.5: Critical strains and energies as a function of the different unit cell sizes. (1%
column) stoichiometry of the unitcell; (2" column) length L, ; (3"% column) critical
formation energy; (4"¢ column) the corresponding critical formation energy of a square
graphite plane with size L, - L,.

(U35 unitcell. The resulting fitted value is Const = 250 GPa/A2. Then 1
have used this value to predict the behavior of longer unitcells Cgy, Cios,
Case, Cs12-

As showed in Figure 3.11 the agreement between the ab-initio data (black
points) and analytic theory (blue curve) is excellent with a maximum error
of £5-107* eV. This neglectful disagreement can be further reduced up to
+1-107* eV by increasing the order of the approximation or better using
the exact numerical value (as explained in section 3.4.3).

These results clearly show that under compression the graphene plane tend
to bend as mush as we increase the length L,.

The critical strain separating the homogeneously compressed flat plane (parabolic
behaving in Figure 3.11) and the compressed bent plate (linear behaving in
Figure 3.11) was defined as:

2 1 2
Ecritical = — 5t 2 ’ +
el =33 \/2 — 27K + 3/3V—4K + 27K?

14/2—27K V—4K + 27TK?
+_§/ 7K + 33 +27 (3.111)

3 2

where K is:
Const

T 9. L.-Cy

as the critical strain €..cq is in general a small number, a good approxi-

K (3.112)

mation is its Taylor series:
Ecritical = —K — 2K* — TK® — 30K* — 143K — 728K° + 0 (K®) (3.113)
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Const

~—K = 3 L.Cn (3.114)
In Table 3.5 is shown how the critical strain values ...y and the respec-
tive formation energies F (€.iticqr) for different length L, along the bending
direction [1010]. These results clearly show that the critical strain/energy
decrease as much as we increase the length L, (i.e. the wavelength).
The last column of Table 3.5 show the corresponding formation energy of a
square graphite planes (L, = L,).
As the corresponding formation energy is much lower with respect to the
ambient temperature energy (%k,‘bT = 0.026 eV) graphene plane at room
temperature are always bent.
The latter conclusion have been recently confermend by an experimental
work appeared in Nature last week (7 of March 2007).
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3.5 Mesoscale Elastic Properties of Graphite

3.5.1 Introduction

In this section I will extent the mesoscale elasticity to the graphite case i.e.
several graphene plane stacked along the c-axis.

The goal of this section is to describe the disregistry energy i.e. the inter-
actions between bent planes.

Although weak this energy is of paramount importance in order to describe
the full set of the mesoscale elastic constants.

This section is organized as follow:

Section 3.5.1:  The disregistry Ad between graphite planes.
Section 3.5.2:  The corresponding disregistry energy E? (e3,a, \)

Section 3.5.3:  The mesoscale elastic constants ny

3.5.2 The disregistry energy

When several graphite planes are bent we always introduce locally a range of
different stacking fault disregistries Ad between the planes. The disregistry
Ad is defined with respect to the perfect AB stacking.

In Figure 3.12 is shown how the disregistry Ad changes with respect to the
plane slope. Each box depicted in Figure 3.12 represents different slope re-
gions of bent graphite projected along the {1010}. These boxes are enlarged
in Figure 3.13 and projected on the {0001} plane.

For nearly flat plane the disregistry is AAd ~ 0 while when the slope is negative
(positive) the disregistry Ad becomes negative (positive), respectively. As
the bending slope is proportional to the amplitude @ and inversely propor-
tional to the wavelength A\, we can expect that the modulus of the disregistry
value |Ad| should be proportional to the ratio a/\.

The disregistry function Ad(¢)

In the following discussion I use Roman letters to describe functions (lines
and trigonometric functions) and Greek letters to describe specific points

(€, x).

Recalling the fundamental solution of a bent plate along the z-axis (see
equation 1.2) and replacing ¢ (z) with z (z), I have:
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Figure 3.12: Perfect graphite bended along the [0001] direction. The boxes depicted
show regions with different slopes. The top (b) and bottom (d) regions nearly conserve
the perfect AB stacking Ad ~ 0 while the regions in between (a, ¢) show a noticeable
stacking fault disregistry Ad.

2(z) = @-sin <27TA' w) (3.115)

the latter equation represents the displacement functions of any points in a
single plane. In graphite the planes are stacked along the [0001] direction (z-
axis) with the well-know Bernard stacking fault AB (see Figure 3.13 caption
b, d). As the distance between the plane is ¢q/2, where ¢q is the lattice
parameter, the displacement functions of any pair of bent graphite planes
are:

1 2m -
zu(x) = 5C0 +a-sin ( W)\ :c) (3.116)

a(z) =a-sin (QWA' x) (3.117)

where the subscript v and [ describe the upper and lower planes, @ is the
amplitude and X is the wavelength of the bending mode.
The slope (or gradient) of the upper and lower planes is:

m(zr) = 5zg:(cx) = 525l§6x) = 27;\' a. cos <27T>\' I) (3.118)

while the tangent ¢;(x) and normal n;(z) lines of the lower plane in the point
¢ along the z-axis are:

t(z) = 2(§) +m(§) - (3.119)
1
m(z) = 2(§) - @ " (3.120)
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Figure 3.13: Different plane slopes correspond to different disregistries Ad. The four
pictures (a-d) correspond to the box regions depicted in the previous figure. In each
picture the disregistry Ad corresponds to the distance between the lower and upper red
atoms (center of each figure). Left: Projection on the {1010} plane. Right: Projection
on the {0001} plane.

with £ € [0,A). The intersection point between the normal line n;(x) and
the upper plane z,(z) is determined imposing:

(@) =m(z)  — e (27? ' f”) i m&) ot Lo —a() =0
(3.121)

the latter transcendental equation has no analytic solution and can be ex-
actly solved only in a numerical way.
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Figure 3.14: Geometrical construction of the disregistry Ad in & = 0 (origin of the
coordinate system). (a) The black ¢, (z) and red ¢;(z) dashed line are the tangent lines
in £ = 0 for the upper z,(z) and lower z;(z) plane respectively (black lines). The blue
dashed line n;(x) is the normal line of the lower plane in & = 0. (b) Zoom of the cross
area (red circle in caption a). The cross point (x, n; (x)) is the intersection between the
normal line n;(z) and the upper plane z,(x). The approximate cross point (x’, n; (X))
is the intersection between the lower normal line n;(z) and the upper tangent line ¢, (z).

For simplicity, I have called this solution (x, n;(x)), where n;(x) is:

1 o -
mi(x) = 30 +-sin < WA X) (3.122)

Now the disregistry Ad is defined as the distance between the cross point
(O m(x)) and (&, z4(€)) by:

Ad(€) = \/ (x = 7 + () — 2u(8))’ (3.123)

Then the transcendental equation 3.121 is solved in a numerical way and
the disregistry Ad(€) is calculated using the latter equation.

A convenient way to approximate the solution of the transcendental equation
3.121 is to approximate the values of z,(x) with its tangent line ¢,(z) at &.
I have called this approximation as Ad approximation.

Therefore the approximate cross point is determined imposing ¢, (z) = ny(x):

1

tu(z) =m(x)  — 2z +m(E)-(r=&) = Zz(é*)—m-(x—f)
(3.124)
with solution:
() e g ey A =2l o m(E)
X () =z=¢+ i€+ £ 5 T (e (3.125)
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Figure 3.15: Disregistry function Ad(§) for different @/A ratio. For a/\ ~ 0 the disreg-
istry function is approaching a cosine function with amplitude (7 -@ - ¢g)/A

where I have called this approximate cross point (X/, ny (X')), where n, (X/)
is:
1

f 1 ’ Co
n(x) = z(8) — R (X =& ==+ 2T m(e?

Then the approximate disregistry Ad(§) becomes:

(3.126)

_% %22 (1+m(&)?) = __mE) (3.127)

2\ (1+m(©)?) 2 14 m(e)?

where T have chosen the positive solution imposed by the condition Ad(0) >
0. Taking in account the slope m(§):
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27 -a 2T -
m(&) = 7; . cos ( W)\ 5) (3.128)
I have found the general analytical formula Ad(&):
.q- o7 . 1
Ad(€) = % : cos( WA f) (3.129)

VU (352 cos (355))°

this disregistry function Ad(&) possesses the same periodicity A of the bended
graphite with an amplitude given by:

Ad(0) = 270 ! (3.130)

A 14 (27;5)2

In Figure 3.15 I have showed the disregistry function Ad(¢) for different @/A
ratio. As the @/\ becomes smaller, the disregistry function tends to a cosine
function with amplitude (7 -@ - ¢g)/A.
Later in section 3.5.2 1 have calculated the disregistry energy of a bent
plane using the exact numerical solution and the approximate solution. I
have found that the approximate solution is enough accurate to describe the
disregistry energy.

The energy associated with the disregistry Ad and e3

The disregistry function Ad (§) represent the shear displacements between
any couple of graphite planes in the £ coordinate along the z-axis.

In this section I have studied the formation energies associated with the
disregistry Ad (€) and the strain €3 along the c-axis ([0001]direction).

The primitive lattice vectors of the 4 atoms unitcell are (blue lines in Figure
3.16):

ay 5&0 —\/TECLO O
a | =] tag Lay 0 (3.131)
43 0 0 g

where ag, ¢y are the graphite lattice parameters. In order to describe the
elasticity of a bent plate T use the following orthogonal lattice vectors (brown
lines in Figure 3.16):
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[1010]

[0001] [1210]

Figure 3.16: The primitive lattice vectors (blue line) of the 4 atoms unit cell (red atoms)
and the lattice vectors (brown line) of 8 atoms the unitcell (green box). The latter unitcell
is used to describe the mesoscale elastic properties.

a; ao 0 0
(05} = 0 V3ayg 0 (3132)
as 0 0 ¢

these lattice vectors describe the 8 atoms unitcell highlighted by a green box
in Figure 3.16. Under deformation these lattice vectors a; are transformed
into the new strained lattice vectors a; by:

ay | =1 az | (I+¢) (3.133)
ay as

where ¢ is the strain tensor and [ is the identity matrix. In this case I want
to describe how the formation energy of the system change with respect to
the disregistry Ad and the ¢y parameter lattice.
The new set of parameter lattice corresponding to the disregistry Ad and
the changed ¢ parameter lattice correspond to the following strain tensor
0 0 0
e=| 0 0 O (3.134)
Es 0 3

and the new lattice vectors are:
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Figure 3.17: Energy surface with respect to the disregistry Ad and the strain 3 applied
along the c-axis ([0001] direction). This energy in referring to a unit cell of 8 host atoms
AB graphite (green line in Figure 3.16).

a, a 10 0 a 0 0
ay | =| a 01 0 =1 0 V3a 0 (3.135)
(Ig as €5 0 1+ €3 €5 0 (1 + 63) * Co

where the strain component €5 represent the disregistry Ad and the compo-
nent €3 describe the changing of the change the ¢y parameter lattice.

The disregistry Ad is a periodic function along the [1210] direction (Ad (a) =
Ad(0)).

Thus in order to calculate the energy associated with this strain vector I have
applied a grid of 26 displacements along [1510} direction with increments
0.005 ranging from €5 = 0.000 to €5 = 0.125. For each of these displacement
I have applied 24 strain 3 along [0001] direction with the same increment
0.005 ranging from €3 = —0.060 to €3 = 0.060.

The energies of each strained unitcells are calculated using density functional
theory within the LDA approximation. The details of the calculations are
the same as performed in section 3.1, except for the Brillouin zone integra-
tions, where I have used a Monkhorst-Pack mesh of 16 — 10 — 8 k-points
instead of 16 — 16 — 8 (as the lengths along the y lattice vector is v/3 time
larger than the primitive unit cell).

The energy surface with respect to the disregistry Ad and the strain e3 is
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shown in Figure 3.17.
Then this energy surface is fitted by a function of order n + m defined by:

ET (Ad, e3) Zanﬁ sin (WAd>

a=0 =0

this function is a n-order power series of sine functions along the [1210] direc-
tion and a m-order polynomial function along the [0001] direction (c-axis).
The order of the function E/% (z,y) is then increased until the maximum
error between fitted values and respective data are equal or less than the
precision of the data themself (10~"a.u.). In analytic form this requirement
become:

e) gy (3.136)

+0.125  +0.060

Z Z Ef” (x,y) — data (x,y)| <10 "a.u.

2=0.000 y=-0.060
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Table 3.6: Coefficient values ¢, g of the fitting function E/% (z,y). The values co 2 and

co,3 correspond to the second order $C53 and third order §C3ss elastic constants.
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where data (x,y) are the calculated energy values. I have found that n = 10,
m = 13 reproduce the ab-initio data within the latter requirement. The
coefficient values c, g of the function E/ (z,y) are listed in Table 3.6. In
the next section I have calculated the disregistry energy of a bent plane.

The total disregistry energy of a bent plane

The mesoscale elastic properties have been studied using the basic 8 atoms
unitcell (see green box in Figure 3.16) repeated n-time along the [1210] di-
rection. Therefore the studied unitcells have stoichiometry C,, g respectively.
In this section I have calculated the disregistry energy for any n arbitrary
unitcells using the exact value compared with the three different approxi-
mations.

The results so far found are:

1. The disregistry Ad(¢) for any & coordinate along the [1210] direction.
The exact numerical solution is found by solving the transcendental
equation 3.121 and using the equation:

Ad(€) =/ (x — & + (m(x) — 2(6))’ (3.137)

The approximate analytic solution Ad(&) is found using:

Ad(e) = T2 (ZW'S) ! 3.138
O U ey

as the disregistry function Ad(§) is defined with respect to the coor-
dinate &, the strain e3, the amplitude @ and the wavelength A, T can
write:

cad-cn- (1 2m-§
Ad(E, .3, 0) = 00 U HEs) cos (50 _ (3.139)

4 V1 (352 cos (355))

2. The energy associated with the disregistry Ad(&, e3,a, A) and the strain
component e3 for each coordinate ¢ along the [1210]:

i _ " (T A€ es,a, N) |
BT (€ e3,a,\) = ; ; Ca,B * [SID (57 . 5§ - 05=1(3.140)
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Total disregistry energy E¢ (e3,a,\)

approximation )\:ao-23A )\:ao-24A )\:ao-25A )\:ao-26A
Ad 0.01922566 0.00975695 0.00494696 0.00247348
7.0. 0.01921577 0.00975571 0.00494680 0.00247346
Ad + 7.0. 0.01921576 0.00975571 0.00494680 0.00247346
E.N. solution 0.01922567 0.00975695 0.00494696 0.00247348
Relative error % 0.0515 % 0.0127 % 0.0032 % 0.0006 %

Table 3.7: The total disregistry energy E? (e3,a@, \) with respect to the different approx-
imations (Ad, Z.0.) and the exact numerical (E.N.) solution (In these calculation the
amplitude is @ = 0.20 A).

Now I have all I need in order to implement the disregistry energy E< (e3,a, \):
The total disregistry energy E< (e3,a, \) represent is the sum of all the atom
contributions of the disregistry energy B/ (¢, e3,@, \) along the bent plane.

n
E*(es, @, \) = > EM" (¢ 25,3, 0) (3.141)
i=1
where n is the how many time the 8 atoms unitcell (see Figure 3.16) is repeat
along the z-axis.
In the zero-order (Z.0.) approximation I assume that all the atoms along
the bent plane possess the same distance along the z-axes. The Z.O. ap-
proximation always introduce an error because a bent plane always contract
and expanded in a way that the distance between atoms are the same on
the bent plane and not their projections on the z-axis. In the following
discussion I evaluate the total disregistry energy E¢(e3,a,\) for the Z.0.
approximation compared with the exact numerical (E.N.) solution where
the distances along the bent plane are the same.
In order to find the exact numerical solution we start to define the bond
length along the [1210] direction as:

2
bond = \/(§i+1 — fi)Q + (a/4)2 + <Gsin (—QW '/\§i+1> + asin (273; 5’))

(3.142)
where &; is the position of the atom ¢ on the plane. For simplicity T call the
local displacement as: A& 11 = (§41 — &;). Solving (in a numerical way) the
equation 3.142 with respect the variable local displacement:

100



Mesoscale Elastic Properties of Graphite

A&_H (6, bond, )\) (3143)

I obtain the local displacement as a function of the amplitude @, the bond
length bond and the wavelength .

Now I impose the condition that the sum of A&, over all the atom positions
of the bent plane must be equal to the total wavelength A of plane along
x-axis:

Z A& (@, bond, \) = A per any a (3.144)
i=1

By solving the latter equation I obtain the new bond length value and there-
fore the corresponding atomic positions &; along the bent plane.

In Table 3.7 are reported the exactly numerical Ad(§) for different values of
the amplitude @ and wavelength .
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Figure 3.18: The mesoscale elastic properties of graphite are studied using different
unitcell sizes. The stoichiometry of the unit cell are Cgy, C1og, Cas6, Cs12.

3.5.3 Simulation of the mesoscale elasticity of graphite

In this section I have studied the mesoscale elasticity via density function
theory compared with the meso-elastic theory. .

The exchange-correlation energy is parametrized within the local density
approximation using the Perdew and Wang functional [84]. The wavefunc-
tion basis sets used is pdpp, the same basis used previously for the classical
elastic theory. Norm-conserving pseudopotentials based on the Hartiwigsen-
Goedecker-Hutter scheme were used [86]. The charge density is represented
by a plane-wave basis in reciprocal space expanded up to 600 Ryd. To per-
form the Brillouin zone integrations I use a Monkhorst-Pack scheme [?] with
mesh 1 x 10 x 8 k-points. In order to take into account the possible disper-
sion of the levels inside the band gap, a metallic filling is used, where the
number of electrons at each k-point can differ.

In the same way of the previous graphene study I have used different unitcell
sizes with stoichiometry Cgy, Cias, Cas6, Cs12 (see Figure 3.18). The lattice
vectors are orthogonal between each other with length:

l. =8-ag- (64— Natom)

ly = 3 . (IO (3145)

lz = Cp
where ng.m 15 the number of atoms of each unitcells.
The mesoscale elastic constants are determined by appling different strain
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GPalA
0255
0.2
A =19A
0.15 |
0.1+
A =38A
A=76 A 0.05 t
A=152 A
. ‘ ; T
—-0.02 —~0.01 0.01 0.02

Figure 3.19: The formation energy per unit volume with respect to strain increments
g1 along the [1210] direction for the different unitcells shown in Figure 3.18. The linear
behavior in the compression region is due to the plane bending. The respective fitting
values represent the mesoscale elastic constant C.

vectors € to the following perfect lattice parameters:

ay 8- ag - (64 — Natom) 0 0
a; | = 0 V3-ay 0 (3.146)
as 0 0 Co

Under strain the primitive vectors a; are transformed into the new lattice
vectors a; b,y:

ay | =1\ a | ({+¢) (3.147)
ay as

where [ is the identity matrix and ¢ is the strain tensor:

1 1
S 556 565

— 1 1
g = 3€6 €2 3&4 (3148)
1 1
555 584 £3
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Energy (GPa/Z\)

Figure 3.20: The formation energy per unit volume with respect to the strain increments
¢1 and e3 for the unitcell with lengh L, = 76 A. The respective fitting values represent
the mesoscale elastic constant C74.

the latter tensor is linked with the strain vector by: &= (g1, €9, €3, €4, €5, €6)-
Then the mesoscale elastic constants C’fy are found by appling different
strains components ¢; to the perfect lattice parameters. The strain chosen
are 21 ranging between +0.02 with increment 0.001.

For the mesoscale elastic constants C{/ and C4 the only non-zero strain
components are €; and €3, respectively. In Figure 3.19 the ab-initio results
(red points) are compared with the meso-elastic theory previously developted
(black curves). Like in graphene the agreement between the two theoretical
approaches is excellent.

By fitting the respective ab-initio data with a polynomial functions of 10*-
order'? T have found the respective mesoscale elastic constant.

I observe that the critical strain tend to decrease as I increase the length L,
until the value 76 A. For longer L, the critical strain €.y remain fixed
to the convergent value of 0.0026. This is the main different between the
graphite and the graphene case.

12Test calculations shown that the fitting are well well convergent.

104



Mesoscale Elastic Properties of Graphite

L, Cnn Ci2 Cs3 Ci3 Cu
19A 1105 182 305 —-23 48
38 A 1043 172 31.0 2.8 438
76 A 1040 171 31.2 45 438
152 A 1040 171 31.2 45 48

Table 3.8: The resulting Mesoscale elastic constant with respect to the length L.
In the first row (L,=19 A) the graphite plane are always flat and the mesoscale
elasticity degenerate into the classical elasticity. For larger length L, the planes
when compressed tend to bend introducing the mesoscale elastic constant. The
respective mesoscale elastic constant are convergent for length larger that 76 A.

In graphene the critical strain €. decrease monotonically as we increase
the length L,.

In graphite after a length value of L, = 76 A the disregistry energy become
predominant and freeze the critical strain to a fixed value of 0.0026. Further
due to the frozen critical strain also the respective mesoscale elastic constant
remain fixed after for unitcell longer than L, = 76 A.

The resulting mesoscale elastic constant C{{ drop from 1104 GPa (classical
elastic constant, i.e. flat plane) to convergent value 1040 GPa. I observe
that both the values are in agreement with the experiment (1080 +20 GPa).
The reason why C does not change appreciably is because is even-order
elastic terms. The linearty behavior due to the bending is mainly given by
the odd-order terms of the strain energy (Cii1, Chi111--- )-

The mesoscale elastic constant C24 slightly increase from 30.6 GPa (classical
elastic constant, i.e. flat plane) to the convergent value 31.2 GPa. This
slightly changing is reflecting a weak plane bending when the c-axis expand.
For the C}7 the only non-zero strain component is £5. In this case the planes
are always flat and the resulting mesoscale elastic constant degenerate into
the corresponding classical value C’ﬁ:C’M.

Figure 3.20 show the strain energy with respect the strain components ¢,
e3. This energy surface is fitted by a polynomial functions in two variables
(g1, £3) and the reulting coefficient term e, - 3 is the C{4 mesoscale elastic
constant. The values found are negative when the plane is flat (under the
critical strain) and they become positive above the critical strain with the
convergent value +4.52 GPa (see Table 3.8). The agreement with the revised
experimental value is perfect (7.9 4+ 3.5 GPa).

Finally the elastic constant C¥ is found using the meso-elastic theory with
the following strain vector & = (1, £»,0,0,0,0). As for CMcase, the corre-
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sponding value drop from 182 GPa to the convergent value 171 GPa, both
in agrement with revised experimental value (180 + 20).
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In this thesis I have proposed two novel theories concerning the mechanical
properties of silicon carbide and graphite.

The first theory is a milestone on the road to implementing robust, high
performance SiC devices while the second theory has profound implications
for the new field of graphite/graphene science.

e Theory of the Dislocation Glide Enhancements in Silicon Carbide

In this work, I have investigated the dislocation core effect on electrical
activity and kink migration. I have shown that the symmetric reconstruc-
tions along the dislocation line are always electrically active and have glide
activation energies lower than the respective asymmetric reconstructions.
Further, T have proposed a theoretical model, which can explain in details
all the following experimental evidence:

1. Why under forward bias the dislocations can be electrically active:

Under electron-hole plasma injections (i.e. under forward bias), the free
energy of the SR dislocations is dynamically lowered by continuous electron-
hole transitions between the respective deep levels and valence/conduction

2. Why the 90° partials are immobile while the 30° partials can move:

To stabilize the SR 90° partials, a shear between the unfaulted and stacking
fault regions along the dislocation line is required, while for the 30° partials
the AR does not require a long ranged shear, but rather only requires flipping
of alternate atoms in the core. Therefore, only for the 30° partials does
the SR dislocation line becomes more stable than the AR with a strong
dynamic charge screening provided by the continuous electron hole plasma
injections. The deep levels provided by the SR are dynamically positive
(hole recombination) and negatively (electron recombination) charged.

However, the strong charge screening of the dislocation line surrounded by
electron-hole plasma freezes the deep levels inside the band gap, i.e. the
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30° partial deep levels correspond to the respective neutral band structures.
Therefore, both the 30° partials can provide band-gap level deep enough as
required by the REDG mechanism.

3. Why only the Si(g) 30° dislocations move:

The band structure analysis have shown that both the 30° partials allow
electrical transitions of indirect type, i.e. with electron-phonons coupling.
These transitions can involve the creation of phonons at different points of
the Brillouin zone. I have suggested that the reason why only the Si(g)
30° dislocations are mobile under electron-hole plasma injection is due to
the different kind of phonons created that could hinder (for the C(g) 30°
dislocations) or increase (for the Si(g) dislocations) the stability of the SR
dislocation line.

The same reason explains why the radiative transition rate on the Si(g)
dislocations is higher than the corresponding C(g) dislocations.

In conclusions this model can be applied to any semiconductor materials in
order to predict the behaviour under electron-hole plasma and could inspire
new experimental technique to reduce the degradation mechanism.

o Mesoscale elasticity in graphene/graphite material

In this study I have determinate the classical third- and second-order elastic
constants. In agreement with previous theoretical studies I have found that
the (3 elastic constant has a negative values in strongly disagreement with
the positive value found experimentally.

The common opinion is that theory fail because does not include an im-
portant part of the physical interaction between layers, the van der Waals
interaction and therefore should not be relied upon.

Contradicting this belief, I have demonstrated that theory performs excel-
lently for graphite and reproduces with precision the all elastic properties.
I have developted a mathematical theory beyond the harmonic approxima-
tion that describe the elastic behaviour of graphite/graphene. Further I have
confirmed this theory via density functional calculations.

I have shown that under compression graphite tends to bend and these bend-
ing modes introduce a new class of elastic constants, called mesoscale elastic
constants, which reproduce with great accuracy the respective experimental
values.

Therefore the elastic constants measured experimentally are the mesoscale
elastic constants (the constants that really describe the elastic behaviour
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of graphite), while the elastic constants determinate via ab-initio methods
are the real (and common) elastic constants. The mesoscale elasticity in
principle should extend to all the layered-materials.
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