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ABSTRACT

DENSITY FUNCTIONAL THEORY INVESTIGATION
OF LINEAR CARBON CHAINS

Efe Dorukhan Salepci
M.S. in Physics
Advisor: Oguz Giilseren
September 2023

In this thesis the structural and electronic properties of linear carbon chains are
investigated using density functional theory. Polyyne structure of alternating sin-
gle and triple bonds was shown to be energetically favored structure compared to
successive double-double bonded cumulene structure. Band calculations showed
that polyyne is a semiconductor whereas cumulene is a metal. Phonon calcu-
lations showed that cumulene is unstable. When put in a hexagonal formation
these chains are found to form three possibly stable structures, one tightly bound
hexagonal tube, and two loosely bound structures one which can be described as
a hexagonal assembly of polyyne chains and one which can be considered stacks
of hexagonal carbon flakes. Electronic band structure calculations showed that
all three structures are semiconductors. Charge density profile showed strong
chemical bonds both in vertical and horizontal directions for the first structure,
whereas second structure of polyyne chains had no strong bonds between chains
and third structure of hexagon flakes showed no strong bond between hexagon
flakes. It is also found that as hexagon size shrinks the favored structure of chains
changes from polyyne to cumulene and a band structure calculation showed that

a semiconductor to metal transition happens.

Keywords: Carbon Linear Chains, Carbyne, Cumulene, Polyyne, Density Func-
tional Theory.
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OZET

DOGRUSAL KARBON ZINCIRLERININ YOGUNLUK
FONKSIYONELI TEORISI ILE INCELENMESI

Efe Dorukhan Salepci
Fizik, Yiksek Lisans

Tez Danigmani: Oguz Giilseren
Eyliil 2023

Bu tezde yogunluk fonksiyoneli teorisi kullanilarak dogrusal karbon zincirlerinin
yapisal ve elektronik ozellikleri aragtirilmaktadir. Sirayla tekli ve {iclii baglarla
bagh karbon atomlarindan olugan polyyne zincirinin sadece ikili baglarla bagh
karbon atomlarindan olusan cumulene zincirine gore daha diisiik enerjili ve kararh
yap1 oldugu gosterilmistir. Elektron bant hesaplar1 polyyne yapisinin yari iletken,
cumulene yapisinin ise metal oldugunu gostermistir. Fonon hesaplari cumu-
lene yapisnin kararhi olmadigini gostermistir. Zincirlerin altigen diizeninin bir
tane sikica bagli altigen tiip seklinde ve iki adet hafif bagh ii¢ olasi kararh
yapi olusturdugu gorilmiistiir. Hafif bagl yapilardan ilki karbon zincirlerinin
zayif bir etkilegsimle birbirlerine baglanmasindan, ikincisi ise altigen seklinde
sikica birbirine baglanmig karbon halkalarinin zayif bir bag ile dikey dizilme-
siyle olusmustur. Elektron bant hesaplar1 ii¢ yapinin da yari iletken oldugunu
gostermigtir.  Yilk yogunlugu haritalar1 ilk yapi i¢cin hem yatay hem dikey
yonlerde karbonlar arasi kuvvetli kimyasal baglar, ikinci yapi i¢in sadece dikey
yonde zincir boyunca kuvvetli baglar, ticlincii yap1 icin ise sadece yatay altigen
halkada kuvvetli baglar gostermistir. Hexagon boyutu kiiciildiikge zincirlerin sta-
bil yapisinin polyyne den cumulene e degistigi, bant hesaplarindan da bu sirada
yapinin yari iletkenden metale dontigtiigiinii gostermigtir.

Anahtar sézciikler: Dogrusal Karbon Zincirleri, Yogunluk Fonksiyoneli Teorisi.
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Chapter 1

Introduction

Carbynes (monatomic linear chains of carbon) are elusive allotropes of carbon
which are truly one dimensional structures which has garnered much attention due
to their exceptional electronic properties like tunable band gap and conductivity
that can be changed by inducing stress, strain, torsion or adding different chemical
end groups. They also show exceptional mechanical properties such as being
the materials having the highest specific tensile strength [2, 3, 4, 5|. These
properties make linear carbon chains a very lucrative potential material of choice
for applications in a broad range of areas like microelectronics, hydrogen storage
and medicine. [6, 7, 8,9, 10, 11].

There are two varieties of carbyne, one named cumulene with identical double
bonds and one named polyyne with alternating single and triple bonds (Figure
1.1). First theorized by Neil W. Ashcroft and N. David Mermin in polyyne form,
and later predicted to be stable in 1992 by L. A. Girifalco and M. Hodak, the
synthesis of carbynes remained a significant challenge for decades due to their ex-
treme reactivity [12, 13]. However new techniques such as using multi walled car-
bon nanotubes are enabling synthesis of longer and longer carbon chains [14, 15].
Also, new methods to produce carbon chains by growing them perpendicularly on
top of different surfaces are emerging [16, 17]. These new advances are making

it crucial to understand the properties of linear carbon chains and interactions



between them in different formations, since understanding these interactions are
crucial to predict and suggest the most efficient and promising synthesis methods
and stability conditions. Wider analysis is also needed to understand the type of
properties these structures will manifest depending on their synthesis routes and

final configurations.

Figure 1.1: Polyyne structure (top) and cumulene (bottom) [1].

In this thesis, after a brief summary of density functional theory, investigation
of structural and electronic properties of isolated cumulene and polyyne type lin-
ear carbon chains are undertaken, and then a set of relaxation calculations are
used to observe behavior of chains under various hexagonal formations. Three dif-
ferent possibly stable structures were spotted and their structural and electronic

properties are inspected.



Chapter 2

Theoretical Background

2.1 Many Body Problem

Even though the precise mathematical formulation of an interacting quantum
mechanical system is known, when it comes to solving the equations handed us
by the theory to reach analytic solutions we bump into a wall known as "the
many body problem”. This problem manifests itself even in relatively simple
theory of Newtonian gravitation where simple solutions cannot be reached for a

gravitationally interacting system of more than 2 masses.

The problem is considerably worse if we consider the quantum mechanical de-
scription of a macroscopic system of particles on the order of Avogadro’s number.
Richard Feynman’s pioneering work in quantum electrodynamics and the devel-
opment of quantum field theory highlighted the challenges of understanding the
behavior of multiple interacting particles in a quantum context. The quantum
many-body problem has profound implications for understanding the behavior of
electrons in solids, the behavior of atoms and molecules in chemical reactions,
and the properties of exotic states of matter such as Bose-Einstein condensates

and strongly correlated electron systems [18, 19, 20, 21].



2.2 Statement of the Problem

The most general description begins with the Schrodinger equation,

H|yp) = E|) (2.1)

where |¢) is the wave function and H is the Hamiltonian of the system. For a
system of N particles, this function is a complex valued function of 4N variables

(3 space coordinates and one spin coordinate for each particle).

In the time independent Schrédinger equation above, [¢) is an eigenstate of
the Hamiltonian H with energy E. Without a magnetic field, and ignoring the

smaller effects of spin dependent potential, the Hamiltonian above is,

i, 7 indices refer to electrons and I, J refer to nuclei, r;, r; are positions of electrons

and R, R; are positions of nuclei.

One simplification to the above eigenvalue equation starts with the realiza-
tion that mass of nuclei is three to four orders of magnitude bigger than that
of electron. This means that for most problems of interest we can consider nu-
clei as static particles, frozen in space. This is called the Born - Oppenheimer

approximation [22] and it leads to the following simplified Hamiltonian,

~

H=T+Vie+ Vo + Eps (2.3)

Adopting Hartree units where h = m, = e = 4mweg = 1, these terms are, the

kinetic energy term,



~ 1 9
T=— YV (2.4)
the electron-electron interaction term,
~ 1 1
Ve = = T 2.5
2 ; |I'Z‘ — I'j’ ( )

and nuclei-electron interaction term,
~ I
Vewt = — Z Z m = Z Vnuc(ri) (2.6)
i 1 Ut i

where V,,,.(r;) is the potential due to all nuclei in the system.

If we could just solve the eigenvalue problem and find the ground state wave
function and energy, we could compute most properties of interest by taking
the expectation value of the corresponding operator. But even with Born-
Oppenheimer approximation this is an impossibly difficult problem to tackle with

a head on fashion. Thus we need to resort to other approaches.

2.3 Basics of DFT

One of the most successful approaches to the many body problem is to reformulate

it in terms of electron density,

n(r) = NZ //zﬁ(r,a, X9, X3, ..., XN )V (T, 0, X2, X3, ..., XN )dXodX3...dX N
(2.7)

where x,, = (r,, 0,,) refer to both space and spin coordinates of the n’th particle,

so the space coordinate of the first particle r is not integrated over.

Working with density, which is a function of only 3 variables is vastly easier

compared to the many-body wave function of 3N variables.



Hohenberg-Kohn theorems, named after Pierre Hohenberg and Walter Kohn,
are the backbones of density functional theory(DFT) [23]:

Theorem I: There is a one to one correspondence between the ground state
electron density n and the external potential V... Thus, given density n, V.
and therefore the whole Hamiltonian of the system is determined. This also
means that all properties of the system are determined given only the ground

state density ng(r).

Theorem II: A universal functional F7;, of density can be defined so that the

ground state density is given by the minimum of the following energy functional,

Eln] = Fuufn] + / Ve (1) (r)dr (2.8)

2.4 Constrained Search

Constrained search formulation [24, 25] of DFT clarifies the implications of HK

theorems.

Energy of the system is given by taking the expectation value of the Hamilto-

nian,

(WH) = E (2.9)

the ground state is found by minimizing this expression with respect to all anti-

symmetric N-body wave functions,

P—N
In constrained search formulation, this minimization is separated into two
steps. First, we minimize the energy with respect to all wave functions that give

a specific density n,



i (QOIT10) + (7 0) + [ Vienle)ar ) = Fualol + [ V(o))

P—n
(2.11)
where Fpp is the Levy-Lieb functional,
Fraln) = min (6{716) + (0[Vecl)) (2.12)

Then we minimize this expression with respect to all densities that give the

correct number of electrons,
Egg = mi]I\l[ (FLL[n] +/Vnuc(r)n(r)dr) (2.13)
n—

2.5 Kohn-Sham Method

Even though Hohenberg-Kohn theorems provide a link between density and prop-
erties of the system, they provide no way to make calculations. Kohn-Sham

method provides such a way [26].

The method starts by the assumption that the ground state density of the

system can be represented as the density of an auxiliary non-interacting system,

N
n(r) = ¢i(r)yi(r) (2.14)

i=1
where 1); are the single particle states occupied by the non-interacting electrons.

Single particle states will be the eigenstates of the auxiliary Hamiltonian,

~

Hope = T + Vigs (2.15)

so that,
ﬁauxwi(r) = eiwi(r) (216)
7



T, is the usual kinetic energy operator —%VQ, what Veff means will be shown

SOO01.

Our aim is to find the density n that minimizes the energy functional (8). We

can re-write this functional in the following manner,

E[n] = Ti[n] + Exn| + Ey[n] + /Vnuc(r)n(r)dr (2.17)

where Ti[n] is the independent particle kinetic energy,

T,fn] = —5 S0V ) (218)

]

even though it is expressed in terms of wave functions, it can be shown that it is

a unique functional of the density.

Ey is the Hartree energy, a classical formulation of electron-electron Coulomb

repulsion energy associated with the density,

Euln] = / / %drdr/ (2.19)

and F,.[n] is the exchange-correlation functional,

E:Jcc = FLL[H} — Ts[n] — EH[H] (220)

The reason we reformulate the energy functional this way is because the un-
known functional Fpp[n] is much bigger compared to the unknown functional
E,. since Hartree energy Eg[n] is the biggest contributor to the electron-electron
interaction energy (i|Vec|t). Therefore the magnitude of the functional we are
trying to approximate is going to be smaller and any error in the approximation

is expected to be on a smaller magnitude.

Since we are minimizing energy functional with respect to density, we need the

functional derivative with respect to eigenstates to vanish,



dEn] 0T, 0E.,; O0Ey 0E. | on(r)
507(r)  0ur(x) | [on(x)  on(r) " on(r)] 50r(x)

with the orthonormalization constraint (i;|¢);) = 0;; this variational equation

—0 (2.21)

leads to the Kohn-Sham Schrodinger like equations,

(Haua: - ei) IZJZ(I'> =0 (222)
with
Huse = =5V + Vaelr) + Vir (1) + Vael) (2.23)
where
mwzga (2.24)
and -
iﬁﬂzMg (2.25)

so that V. in equation (15) becomes ,

Veff = Vnuc(r) + VH(r) + %c(r) (2'26)

Vi and V. are density dependent potentials, which means that Kohn-Sham
equations (22) have to be solved self consistently. The scheme is as follows: an
input density determines the auxiliary Hamiltonian and the solution of Kohn-
Sham equations with this new Hamiltonian leads to a new output density. This

scheme is repeated until input density and output density converge to each other.

o= 1 = Hoygy, = g1 = Hoyayy — - (2.27)

Determining n;,; is not as straightforward as taking the density given by the
solution to Hgy,, as n;y1 . If we denominate the density given by the solution
to Hyyz, as Ny, there are different mixing schemes to cook up n,4; using n; and
Nout;- One common method is linear mixing, in which n;;; is given as a linear

combination of 14, and n;,



Ni+1 = (1 - b)nl + bnouti (228)

where b is usually called the mixing parameter or mixing beta.

2.6 Exchange-Correlation Functional

Exchange-correlation function, whose exact form is unknown and which must be
very complicated, can be approximated on different levels. The starting point
is called local density approximation (LDA) where the approximating functional

uses only the value of the density at each point [27], which is of the form,

E.n] = /exc (n(r))dr (2.29)
where €,. is some function whose form is determined from the homogeneous elec-

tron gas system.

The next level, which is the one that is used in the dft model in this thesis,
is named generalized gradient approximation (GGA) in which the approximation

to the exchange-correlation functional also uses the gradient of the density [28],
E.[n] = /emc (n(r), Vn(r)) dr (2.30)

2.7 Plane-wave Basis

To solve Kohn-Sham equations we can diagonalize the auxiliary Hamiltonian with
respect to a basis set which completely spans the space of possible wave functions
for the specified system. One possible basis set is the set of plane waves [29] of

the form

10



Ya(r) = e 'S" (2.31)

where G is an element of the reciprocal lattice of the lattice in which the Vext

is periodic. So that

G = n1b; + noby 4+ nzbs ny,Na, N3 € Z, (232)

where by, by, b3 are the basis vectors of the reciprocal lattice, defined as

2m

b1 = Vag X asg (233)
2m

b2 = 733 X aj (234)
2m

b3 = Val X Qg (235)

Where ay, as, a3 are basis vectors of the real lattice and V' is the volume of the

unit cell of real lattice.

Of course, in practice an infinite set of plane waves cannot be used and we have
to limit the size of basis set somehow so that calculations finish in a reasonable

time. Since the kinetic energy of a plane wave for electrons is given by

_ h2‘G|2
 2m,

E (2.36)

an energy cutoff value is usually employed to limit the basis set.

11



2.8 Pseudo-Potential Method

Generally speaking, it is the valance electrons of the constituent atoms that deter-
mine the properties of molecules and materials. Inner shell electrons are usually
undisturbed by the environment, which means that we can treat the nucleus and
inner shell electrons as a whole by changing the nuclear potentials by a prefabri-

cated "pseudo potential” [30].

This approximation helps in two ways. First, we have less electrons to deal
with since inner shell electron effects are incorporated into the pseudo potential.
Secondly, pseudo potentials get rid of the difficulty associated with the singu-
larities in nuclear potentials. The highly oscillating nature of electronic wave
functions near nucleus requires an unnecessarily big set of basis functions to ap-
proximate, thus, if we get rid of the necessity to approximate inner shell electron

wave functions we can do away with a much smaller basis set size.

2.9 Supercells

Use of plane wave basis in solving Kohn-Sham equations assumes that the under-
lying structure is periodic in a three dimensional lattice. To meet this assumption,
isolated molecules or infinite structures of dimensions less than three requires use
of cells that are much longer in certain directions compared to the molecule or the
material that is being studied by DFT software. Assuming there can’t be much
interaction over very long distances (long compared to the system that is being
studied), this approach allows the use of methods based on periodicity of the
underlying system while preventing the interaction between the periodic copies
of the structure. If a free molecule is being studied, the corresponding supercell
has to be very long in all three directions, for 2 dimensional film like materials
(e.g. graphene) the supercell has to be very long in direction perpendicular to
the surface whereas in our case of studying 1 dimensional chain like structures,

the supercell has to be large in directions that are perpendicular to the axis of

12



the 1-D structure.

2.10 Brillouin zone sampling

Many properties of interest depend on integrals over the Brillouin zone. Com-
putationally all integrals (unless the underlying function has an easy analytical
integral) must be approximated by Riemann sums which means that to take inte-
grals over Brillouin zone, wee have to sample the Brillouin zone by a finite set of
points. One method is to sample the Brillouin zone by an n; X ny X n3 grid which
would make ninsng number of points. Most integrands won’t change much over
small stretches of Brillouin zone so we can choose grid dimensions proportional
to the dimensions of the Brillouin zone. Which means over directions where the
Brillouin zone is big, we have to sample it more. The size of Brillouin zone in a
certain direction is inversely proporsional to the size of the unit cell in that di-
rection. This means that we need to have more sample points over the directions
where the unit cell is small and less sample points over the directions where it
is big. If we consider supercells, where the unit cell is very big in at least one
direction by definition, we can get away by sampling the Brillouin zone in that
direction by a single partition. So if we use a supercell where the cell is very big

in x and y direction, we can use a 1 x 1 x ng grid.

13



Chapter 3

Properties of Linear Carbon
Chains

In this thesis the structural and electronic properties of the Carbyne first in
isolated forms and then in various hexagonal formations are investigated using
first-principles plane-wave calculations carried out within the density-functional
theory, employing projector augmented wave (PAW) potentials [31], the one in
[32] specifically, and a generalized gradient approximation for exchange corre-
lation functional using Perdew-Burke-Ernzerhof (PBE) functional [28], imple-
mented by Quantum ESPRESSO software [33]. All calculations are performed
for 0 K.

3.1 The Infinite Chain

Marzari-Vanderbilt-Devita-Payne cold smearing [34] of 0.005 Ry was used for
calculations and the self-consistent energy error threshold was set to 10e-8 Ry.
Convergence tests showed that a kinetic energy cut off of 50 Ry and k mesh of
1x1x30 provided sufficient accuracy. To model the infinite chain a supercell of

rectangular pyramid shape with a 10 A x 10 A square base with variable height

14



in z direction (which will be referred as cell length) is used where the chain axis
lies along the z direction. Each cell contains two carbon atoms where exact setup

is shown in Figure 3.1.

Cell length

— ) 10 Angstrom e

Figure 3.1: Supercell structure.

For calculations of cumulene structure second carbon atom is placed in exactly
the middle of the cell length (0.0, 0.0, 0.5) above the first one which is placed on
the origin (0.0, 0.0, 0.0). For calculations of polyyne structure z coordinate of
the second atom was set as a free variable (0.0, 0.0, b) to be determined by the
ionic relaxation at the minimum energy configuration. Atomic force threshold
for convergence was set as le-5 Ry/au. Preliminary crude calculations hinted at
energy minimums around cell length of 2.5 A and a denser set of calculations were
made around this region for both structures which revealed the energy curve in
Figure 3.2. The minimum energy -18.3716 Ry per carbon atom for cumulene
structure is at 2.564 A cell length which means bond length is 1.282 A between
carbon atoms. The minimum energy -18.3719 Ry per carbon atom for polyyne
is found to be at 2.566 A cell length and the z coordinate of second atom was
found as b = 0.4905 which translates to a shorter ”triple” bond of 1.259 A and
a longer ”single” bond of 1.307 A. These results show that polyyne structure is
energetically favored by 3e-4 Ry per carbon atom, in accordance with previous
studies [35, 36]. Polyyne is also longer "per carbon” by about 0.07% compared

to cumulene.

Phonon band structure, electronic band structure, density of states and charge

density were calculated and plotted for the minimum energy configurations of

15



Energy vs Cell Length

-18.3706

Polyyne
Cumulene

-18.3708

-18.371

-18.3712

-18.3714

Energy (Rydberg)

-18.3716

-18.3718

18.372 . . . . .
254 2.55 2.56 2.57 2.58 2.59 2.6

Cell Length (Angstroms)

Figure 3.2: Dependence of energy per carbon atom on cell length for polyyne
(blue line) and cumulene (orange line).

cumulene and polyyne as presented in Figures 3.3 to 3.6.

Figure 3.3 shows the Phonon band structure of both structures, where presence
of imaginary frequencies (represented as negative in figure) in cumulene phonon
bands hints at the instability of cumulene structure, whereas for polyyne small
negative frequencies only manifest as numerical artifacts. Which is an expected
result since ionic relaxation does find the position of the atom up until the force
convergence threshold. Any small instability can also be accounted for by factors
such as external field, temperature or strain. These results are in agreement with

previous calculations [35].

Comparison of charge density maps of cumulene and polyyne is shown in Fig-
ure 3.4. Charge density graphs are plotted as the difference between the electron
density of the chain structure and the superposed electron density of free carbon
atoms. The asymmetries in the figure point at the alternating nature of the bonds

in polyyne.

Band structure calculations and the corresponding density of states (DOS)

plots are presented in Figure 3.5 and Figure 3.6. As seen in Figure 3.5, a band

16



Frequency(THz)

Cumulene Polyyne

Frequency(THz)

Z Direction Z Direction

Figure 3.3: Phonon band structure for cumulene (left) and polyyne (right).

gap at fermi level for cumulene does not open which points at its metallic nature.
Whereas there exists a small band gap for polyyne structure which we calculated
to be about 0.4 eV at Fermi level which means polyyne is a semiconductor in
accordance with previous studies [36]. The metallic nature of cumulene and semi-
conducting nature of polyyne are also reflected in DOS plots where an absence

of any states above fermi level (-4.5 eV) for about 0.4 eV in polyyne can be seen.

3.2 Hexagonal Structures of Infinite Chains

3.2.1 Structural properties

Next, the properties of infinite chains arranged in a hexagonal form was inves-
tigated. First the cumulenic hexagonal structure as shown in Figure 3.13a was
investigated using a supercell of rectangular pyramid shape with a 25 A x 25
A square base with variable height in z direction (which will be referred as cell
length and in this case also corresponds to the bond length of the chain) where

the hexagonal structure axis lies along the z direction. Each cell contains 6 carbon
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Figure 3.4: Charge density plot for Cumulene(left) and Polyyne(rigth).
atoms where exact setup is shown in Figure 3.7a.

A 3D energy surface was constructed for hexagonal cumulene by varying the
cell length between 1 A and 2.3 A and the hexagon side length between 1 A and
3 A as shown in Figure 3.8. The minimum of the surface which corresponds
to a possibly stable structure, is at around 1.63 A cell length and a hexagon
side length of 1.57 A. Computations with larger hexagon side length turned out
to be difficult because of convergence problems which were overcome by setting

smearing width to 0.01 Ry, mixing parameter to 0.5 and number of bands to 20.

A separate potential energy surface was not constructed for polyyne hexago-
nal structure but to see whether it is the polyyne or cumulene form favored in
hexagonal structure, a series of variable cell relaxation calculations (ve-relax) were
conducted. The supercell used for this set of calculations were created by placing
another hexagon carbon formation on top of the first one (Figure 3.8b) where
the z coordinates of atoms were released for ionic relaxation. The cell length
(this time cell length corresponds to the distance between next nearest neighbor
carbon atoms in the chain) was also a free parameter of the ve-relax calculation
where the convergence threshold for pressure was set to 0.02 kPa. Convergence

threshold for atomic forces was set to le-3 Ry/au. Since new supercell was longer
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Figure 3.5: Electronic band structure for cumulene(left) and polyyne(right), dot-
ted lines indicate fermi level.

in z direction, a reduced k-point mesh of 1x1x20 was used to reduce computation

time.

The following properties of the structure was found as hexagon side length
varied from 1.45 A to 6 A energy (per carbon atom) (Figure 3.9), cell length
(Figure 3.10) and the distance between two hexagons of the cell (expressed as
the ratio to cell length, i.e. 0.5 means cumulene with equal bond lengths) which

will be referred as Z parameter (Figure 3.11).

These results show that as polyyne chains come closer, there is an energy
minimum of about 9.47¢-5 Ry at 4.2 A which hints at hexagonal arrangement
of polyyne chains weakly bound by Van der Waals forces. 7Z parameter plot
show that for chains closer than 3.8 A polyyne structure is no longer favored and
cumulene chains are energetically favored. Cell length of the chain stays about
the same until chains come closer than 1.85 A at which point structure changes
abruptly to a structure that can be described as a hexagonal tube made of carbon
atoms. The minimum energy configuration in 1.45 - 1.8 A region is at 1.57 A
hexagon side length and 3.24 A cell length which is the same configuration that

was found as the energy minimum of the energy surface constructed before.

Next, to test the stability of the structures of these two energy minimums

a full ve-relaxation calculation was done for each structure, leaving cell length
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Figure 3.6: Density of states for cumulene(left) and polyyne(right). Dotted line
indicates fermi level.

and all coordinates of all carbon atoms as free variables and observing whether
energy minimization changed any of these variables. Since both calculations left
all variables unchanged it can be concluded that these two structures are indeed

stable (at least on the order of energy fluctuations in ve-relax algorithm).

Another series of calculations of hexagonal cumulene structure were done,
where the hexagonal side length was set to 1.57 A while the cell length (also the
bond length of chains since this is a cumulene structure with only one hexagon
inside the cell) changed from 1 A to 3 A which revealed a third possible structure
at cell length of 2.8 A (Figure 3.12). However a vec-relax calculation where z
coordinates of carbon atoms and the cell length were left as free variables showed
that this structure relaxes to one with a hexagon side length of 1.31 and a cell
length of 4.10 A. This structure can be interpreted as hexagonal carbon flakes
held by weak Van der Waals forces. To the knowledge of the author, there are no
previous studies that computationally studied the properties of these hexagonal

structures.

An illustration of these three structures can be seen in Figure 3.13.
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Figure 3.7: Cells used for hexagonal structure calculations for cumulene (top)
and for calculations involving ionic relaxation (bottom)

3.2.2 Electronic Properties

Finally band structure and charge density were calculated for these three struc-
tures. The results can be seen for the tightly bound hexagonal tube in Figure
3.14 and Figure 3.15, where presence of high electron density regions between
carbon atoms in both vertical and horizontal directions show that this structure
is indeed bonded by strong chemical bonds. Band structure also shows a band

gap of about 0.3 eV so that this structure is a semiconductor.

For weakly bound polyyne chain, Figure 3.17 show that charge density are
basically the same with the free polyyne chain which also shows that these chains
are indeed only weekly interacting since spaces between the chains show no dif-
ference in charge density from the superposition of free carbon atoms. The band

structure in Figure 3.16 also show almost the same pattern with the individual
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Figure 3.8: Energy surface for cumulenic hexagon.
polyyne chain which is expected due to very limited interaction.

For hexagon carbon flakes in Figure 3.19 charge density plot shows strong
bonding inside hexagon flakes but very little interaction between individual flakes
which is also reflected in band structure profile of Figure 3.18 which show mostly
flat bands which is expected since on Z direction individual flakes are barely

interacting which makes it hard for vibrations to propagate in that direction.

Seeing the transition from polyyne to cumulene as the hexagon side length
shrinks to below 3.8 A one final calculation of band structure at 3.0 A hexagon
side showed that there is no band gap for this structure (Figure 3.20). This means
that at around 3.8 A structure changes from a semiconductor to metal, so applying
pressure on horizontal directions to chain axis may induce a semiconductor to

metal transition.
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Figure 3.13: Illustration of three structures corresponding to local energy min-
ima, a) The tightly bound hexagonal tube. b) Loosely bound polyyne chains in
hexagon formation. ¢) Loosely bound hexagon flakes.
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Figure 3.14: Band structure for the hexagonal tube, dotted line indicates the
fermi level.
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Figure 3.19: Hexagon carbon flake charge density plotted for different cross sec-
tions.
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Chapter 4

Conclusion

Supercell calculations using ionic relaxation of free infinite chain of carbons in
forms of polyyne and cumulene showed that polyyne form was energetically fa-
vorable to the cumulene form with an altering bond length of 1.307 A and 1.259
A at minimum energy configuration compared to 1.282 A of cumulene which also
means that chain is slightly longer per carbon atom in polyyne form compared
to the cumulene form. Energy difference between the two is 3e-4 Ry per carbon
atom. Phonon band calculations also showed imaginary frequencies which con-
firms the instability of the infinite cumulene chain. Electronic band calculations
showed no band gap at fermi level of cumulene form whereas there was a band
gap of about 0.4 eV in polyyne case which can be interpreted as cumulene being

a metal and polyyne a semiconductor.

Energy surface construction for hexagonal formation of cumulene chains
showed a minimum at 1.57 A hexagon side length and 1.63 A chain bond length.
This structure, which can be considered as a hexagonal tube of carbon atoms,
was shown to be stable by a variable cell relaxation calculation in which energy
minimization with respect to all coordinates of carbon atoms and cell length re-
sulted in exactly same coordinates for atoms and an only marginally modified
cell length of 1.614 A compared to the 1.63 A of the starting configuration.
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Further exploration of this energy minimum by keeping hexagon side length
fixed at 1.57 A while increasing the cell length showed a shallow energy mini-
mum at a cell length of 2.8 A however a variable-cell ionic relaxation calculation
starting from this configuration showed that this structure was not stable and
the resulting stable configuration resulted in a hexagon side length of 1.31 A and

cell length of 4.1 A which can be described as stacked hexagonal carbon flakes.

Another set of variable-cell relaxations exploring the energy of the structure as
the hexagon side length changed from 1.45 A to 6 A revealed two energy minima
first one at 1.57 A which corresponds to the tubular structure discussed above
and a second one at 4.2 A with a cell length of 2.68 A which corresponds to the
cell length of polyyne chain. The vertical distance between carbon atoms in the
second energy minimum also revealed alternating bond lengths of 1.31 A and 1.26
A so that this structure can be considered as a hexagonal formation of loosely

bound polyyne chains.

The same set of variable-cell relaxation calculations also revealed that polyyne
formation of carbon chains with alternating bond length were favorable as in the
free chain case up until the chains got closer than 3.8 A after which the cumulene
structure was the energetically favorable form. A band structure calculation at
3 A hexagon side length showed that hexagonal formation of cumulene chains is
metallic and a possible semiconductor to metal transition happens as the hexagon
shrinks below 3.8 A.
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