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Summary

Under Moore’s law, electronic devices have been increasingly miniaturized over the years,
leading to issues such as short-channel effects and an extreme increase in power dissipation.

At the same time, future miniaturization of solid-state devices could reach the physical
limit of scaling, with dimensions comparable to de Broglie’s wavelength.

To continue to address the increasing demand for miniaturization, high performance,
and low power consumption, research efforts moved on technologies called "Beyond CMOS"
including molecular electronics, based on the idea of using single molecules as electronic
components.

Among these molecules, fullerenes are distinguished by their cage-like structures and
their capacity to encapsulate atoms or clusters inside.

This thesis aims to investigate the possibility of having storage devices using the small-
est stable fullerene: C28.

The opening chapter briefly describes the current scenario.

The second chapter provides a theoretical background and a review of the state-of-art
literature.

The third chapter reports an initial study conducted on the stability of the encapsu-
lation of different elements in C28, which leads to the endohedral monometallofullerene
Ti@C28 being selected to be investigated through ab initio calculation as a candidate for
data storage applications. The encapsulation energies and the electronic properties of two
stable states of the TiQC28 - namely I-TiQC28 and II-Ti@C28 - once having optimized
the geometries and found the minimum energy path that connects them, are analyzed in
the same chapter.

In the fourth chapter, it is verified the possibility to deliberately switch between I-
Ti@QC28 and II-Ti@C28 using an external electric field. Then different adsorption of I-
Ti@QC28 and II-Ti@C28 onto a gold substrate are simulated to select the most realistic ge-
ometries of fullerenes once adsorbed. Using these most probable adsorption configurations
and by emulating a Scanning Tunneling Microscope (STM) break-junction experimental
setup, the STM-mediated electronic transport characteristics are analyzed.

The final chapter summarizes the results of the analyses which show the 87% of current
difference (13.6 pA) between the two stable states when a bias voltage of 1.5 V is applied.

This outcome, together with the possibility to deliberately switch between the to con-
sidered stable states, enables binary encoding of the information and therefore establishes
the analyzed device as a potential single-molecule data storage element.
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Chapter 1

Introduction

1.1 Present scenario

Since the invention of the integrated circuit, the growth in the number of transistors on
the chip has been exponential and conversely, the size of each transistor has decreased at
an amazing rate. That is the essence of Moore’s law.

The continuous scaling of the sizes of the horizontal and vertical physical features of
silicon-based complementary metal oxide semiconductor (CMOS) transistors is known as
the concept of More Moore.

Nowadays this scaling is facing some challenges due to several factors.

From a physical perspective, short channel effects (threshold voltage roll-off, Drain
Induced Barrier Lowering also known as DIBL, velocity saturation, high field effects, etc.)
are becoming more and more relevant as technology scales and they must be kept as small
as possible to ensure no impact on the performance and functionality.

The growing number of transistors integrated per unit area implies higher power con-
sumption and heat dissipation. CMOS transistors are modeled on wafers using lithography
with all its limitations of this optical-based fabrication technology as the resolution above
the wavelength of the light leads to the use of complex masks and techniques. Further-
more, with this continued scaling, has emerged the inability of the available materials
used as dielectric and wiring materials to provide reliable insulation and conduction.

Assuming that all these challenges are overcome, further miniaturization could lead
to the achievement of the physical limit of scaling by achieving channel length measures
comparable to the corresponding de Broglie wavelength of the electrons.

This allows their properties to be strongly influenced by quantum mechanical effects.

For all these reasons, the research effort moved on to "Beyond CMOS" and "More Than
Moore".

The first aims to improve functionality by seeking new architectural paradigms that
exploit both vertical monolithic and heterogeneous integration.

The latter is to explore and develop completely different types of electronic devices
from transistors in structure and operating principles.
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Introduction

1.2 Molecular electronics

The solutions explored and offered beyond CMOS are numerous and varied, and the
present landscape is extremely vast. In considering the many disparate new approaches
proposed to provide order of magnitude scaling of information processing beyond that
attainable with ultimately scaled CMOS, the following set of guiding principles are pro-
posed to provide a useful structure for directing research on beyond CMOS information
processing technology.

Computational State Variable(s) other than Solely Electron Charge

These include spin, phase, multipole orientation, mechanical position, polarity, or-
bital symmetry, magnetic flux quanta, molecular configuration, and other quantum
states. The estimated performance comparison of alternative state variable devices
to ultimately scaled CMOS should be made as early in a program as possible to
down-select and identify key trade-offs.

Non-thermal Equilibrium Systems

These are systems that are out of equilibrium with the ambient thermal environment
for some period of their operation, thereby reducing the perturbations of stored infor-
mation energy in the system caused by thermal interactions with the environment.
The purpose is to allow lower energy computational processing while maintaining
information integrity.

Novel Energy Transfer Interactions

These interactions would provide the interconnect function between communicating
information processing elements. Energy transfer mechanisms for device intercon-
nection could be based on short range interactions, including, for example, quan-
tum exchange and double exchange interactions, electron hopping, Forster coupling
(dipole—dipole coupling), tunneling and coherent phonons.

Nanoscale Thermal Management

This could be accomplished by manipulating lattice phonons for constructive energy
transport and heat removal.

Sub-lithographic Manufacturing Process

One example of this principle is directed self-assembly of complex structures com-
posed of nanoscale building blocks. These self-assembly approaches should address
non-regular, hierarchically organized structures, be tied to specific device ideas, and
be consistent with high volume manufacturing processes.

Alternative Architectures

In this case, architecture is the functional arrangement on a single chip of intercon-
nected devices that includes embedded computational components. These architec-
tures could utilize, for special purposes, novel devices other than CMOS to perform
unique functions [§].

16



1.3 — Aims and outline of this thesis

In particular, molecular electronics, sometimes called “moletronics” [18], is an electron-
ics and nanotechnology branch where devices based on single molecules or small packets
of molecules are used as electronic components. This branch has particularly caught the
attention of scientific community because of its intrinsic and interesting capability as the
device integration and a self-assembly approach to manufacturing.

The use of single molecules as basic elements to create electronic devices potentially
represents the ultimate limit of miniaturization of electronic devices, beyond the CMOS
intrinsic limit, and up to the basic “bricks” of matter [36].

1.3 Aims and outline of this thesis

Among molecules used to produce molecular devices, fullerenes are distinguished by their
cage-like structures and their capacity to encapsulate atoms or clusters inside.

This thesis aims to investigate the possibility of having storage devices using the small-
est stable fullerene: C28. In particular, the endohedral monometallofullerene TiQC28 is
selected to be investigated as a candidate for data storage applications.

This document continues with other four main chapters:

e Theoretical background and State-of-Art Literature Review which give all
theoretical aspects and definitions in order to better understand the work;

e Preliminary analysis where the selected endohedral monometallofullerene is ana-
lyzed for its energetic and electronic properties;

o The devices that shows how the molecule behaves when it interact with gold elec-
trodes when and external electric field is present;

e Conclusions and future perspectives where the obtained results reveal the po-
tential data storage behavior of the molecule.

17
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Chapter 2

Theoretical background and
State-of-Art Literature Review

2.1 Conduction at nanoscale

In bulk-systems, electrons are intended as classical particles that flow through a channel
under the influence of an electric field and scatter randomly in the crystal lattice. As long
as such assumptions are not confirmed, the drift-diffusion model is sufficient.

If nano-structures are considered instead of bulk-systems, to properly model conduc-
tion, it becomes necessary to get rid of classical concepts and to include quantum me-
chanical phenomena.

2.1.1 Introduction to quantum mechanics

For every nanoscale physical system there are some pairs of physical quantities that cannot
be known simultaneously with arbitrarily precise values. Such variable pairs are known
as complementary variables or canonically conjugate variables (i.e. for all that variables
that are connected by means of a time derivative operation), and not only for position
and momentum. This again is a consequence of the Fourier transform properties:

- & iw (2.1)
where w = 27 f and i is the imaginary unit (sometimes depending on the sign convention
in the exponent in the Fourier transform definition the previous relation is written with a
minus sign: —iw). Thus, this uncertainty exists for every pairs of variables mathematically
defined in such a way that they become Fourier transform duals. This is known in quantum
mechanics as the uncertainty principle (also known as Heisenberg’s uncertainty principle)
that is any of a variety of mathematical inequalities asserting a fundamental limit to the
accuracy with which the values for certain pairs of physical quantities of a particle.

The product of the relative uncertainties, A, must always be greater than or equal to
the constant reduced Plank constant i = 4= (h is the Plank constant)[4].

us
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Theoretical background and State-of-Art Literature Review

Considering the couple position, x, and momentum, p, the relations is:

Ax-Ap>h (2.2)
or relating the standard deviations of the two quantities:
h
Oy - Op > 3 (2.3)

The Heisenberg’s uncertainty principle is valid also considering the Plank relation
which states that the energy of a photon, F, known as photon energy, is proportional to
its frequency, v:

E=hv (2.4)

or considering its equivalent form including the angular frequency w = 27v:
E = hw (2.5)
Indeed starting from eq. 2.1 it is possible to write:

AtAw ~ 27 . (2.6)

Multiplying both members of eq. 2.6 by A, recalling eq. 2.5 and that 2nh = h the
energy-time uncertainty relation is found:

AIAE ~ i . (2.7)

Equation 2.7 states that in order to determine the energy of a system with an uncertainty~
AFE a time of the order of At is necessary. This means that in order to measure the energy
of a stable system with a perfectly defined energy it should be necessary an infinite time.
Thus a correct interpretation of eq. 2.7 is linked to the lifetime of excited states. An
example is when an electron in an atom for some reason is excited and goes in an excited
state, then after some time it looses its excess energy and goes into a stationary state,
namely the ground state.

According to the first quantum mechanics postulate the state of a system is fully
described by the wave function:

U(r,t) : R — C (2.8)

(r = (x,y,2) spacial coordinates and t time), i.e. it contains all the information
necessary for the determination of the value experimentally observable because this wave-
function is a complex-valued probability amplitude.

This means that it does not represent a measurable physical quantity directly.

20



2.1 — Conduction at nanoscale

The physical meaning of the wavefunction is defined by its squared modulus:

= |W(r, t)|dz (2.9)

P= / U (r, t)|*d. (2.10)

2.9 is the probability of finding the particle in a dx of a space V if the particle is
measured.

The time evolution of the system described by ¥ can be determined by means of the
Schrodinger’s equation:

ihaat\lf(r,t) = HU(r,t) (2.11)

where:

e 1 is the imaginary unit;

h is the reduced Planck’s constant ;

r = (z,v, ) is the position vector in the 3D space ;

% indicates the derivation operation w.r.t. the time ¢;

U(r;t) is the wavefunction that represents the system state at the time instant ¢;

H is the Hamiltonian (quantum mechanical) operator and it is the quantum me-
chanical operator associated to the total energy of the system. It corresponds to the
sum of the kinetic energy operator T and the potential energy one V= V(r,t):

H=T+V (2.12)

and in case of a particle having mass m, defining the momentum operator of the
Schrédinger’s equation p = —ihV, and V? as the Laplacian:

R A A A2 h2
7= % - ngn —5 Y (2.13)
The Schrodinger Hamiltonian thus is:
H= —h—QVQ +V(r,t) (2.14)
2m
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Theoretical background and State-of-Art Literature Review

2.1.2 Quantum transport

In bulk-systems, electrons are treated as semi-classical particles that flow through a chan-
nel under the influence of an electric field and randomly scatter within the crystal lattice.
By shrinking the dimensions of the channel, carriers turn to be confined. The quantum
confinement is assured in nanoscaled devices where the de Broglie wavelength of electrons
near the Fermi energy Apprayr (that for Fermi energy of few eV is around 2-3 nm) is
comparable with the critical sizes of the conductor|[20].

At nanoscale, a quantum mechanical view of the electron in its wave-particle dualism
must be adopted. It is no more interpreted as a particle of finite dimension which scatters
with ions of the lattice in classical mechanics. The uncertainty principle (2.4) holds and
the exact position and velocity of an electron in space cannot be known.

The non-equilibrium Green’s function (NEGF) formalism provides a sound conceptual
basis for the development of quantitative models for quantum transport. Any device simu-
lation program performs a self-consistent solution of a transport equation and a "Poisson"
equation. The transport equation calculates the electron density n(r) and the current
I for a given potential profile U(r), while the "Poisson" equation calculates the effective
potential U(r) that an electron feels due to the presence of the other electrons. The two
calculations are iterated till n(r) and U(r) converge to a self-consistent value.

Considering a device with just one energy level € in the energy range of interest,
connected to a source and a drain contact is easy to know the number of electrons N in
it in equilibrium conditions, where a Fermi energy E; is set by the work function of the
source and drain contacts.

When a drain bias V is applied, the Fermi energies in the source and drain contacts,
1 and ps respectively, will separate, for symmetric systems, as:

v
= Ey+ %

W (2.15)
pe = Ef — 3

If the device were in equilibrium with the source, the number of electrons would equal
f2 and if the device were in equilibrium with the drain, the number of electrons would
equal fo, where:

1

€ — H12
kT
e

f172(€) = (2.16)
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2.1 — Conduction at nanoscale

The actual number of electrons N will be intermediate between f; and fy and can be
determined by writing simple rate equations for the currents I; o crossing the source and
drain interfaces:

n=L0A-N) (2.17)
I = L;?(N — f) (2.18)

where 3 and 3! are constants representing the rates per second at which an electron
inside the device will escape into the source and drain respectively. Considering that 2.17

equals 2.18, it is possible to obtain the steady-state number of electrons N and the current
I = (Il = IQ)Z

_ 2 270

= +72f1(6) + _’_%fz(E) : (2.19)
_ @ Y172 B

I=3 555, = LE) (2.20)

This simple derivation exhibits the physics of current flow through a small conductor
attached to two reservoirs that try to maintain it at two different levels of occupation f;
and fy. The actual occupation is intermediate between the two (2.19) and one reservoir
keeps pumping in electrons trying to increase the number while the other keeps emptying
it trying to lower the number. The overall effect is a continuous flow of electrons from
one reservoir to the other, leading to a net current in the external circuit (2.20).

The coupling to the Source and Drain contacts broadens the discrete level into a
distribution:

.
D(E) = 2z : 2.21
SN CRERYN RN EIk 2
having a linewidth of v along with a possible shift in the level from € to ¢ + A, where
v =1+, A = A1+ As. It is possible to account for this broadening by modifying 2.19
and 2.20 to include an integral over all energies, weighted by the distribution D(FE):

+oo
_ gi! .
= é D(E) Ll () — ()| i (2.22)
Ips = 22 +OoD(E) NP _(11(E) — f2(E)dE (2.23)
h S Y1+ Y2 ! 2 .

In general real devices have multiple energy levels in the energy range of interest. So
any device is described by a Hamiltonian matrix [H] whose eigenvalues provide the allowed
energy levels.

It is possible to define selfenergy matrices [£; o] that describe the broadening and shift
of the energy levels due to the coupling to the source and drain.
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Defined:
A1 = G’ylG+ (224)
Ay = GGt (2.25)
01,2 = ALQ — Z% (226)
G=[E—c—0 -0y ! (2.27)
and the transmission as:
T = y1GyG™T (2.28)
it is possible to replace the scalar quantities with the corresponding matrices:
Tio=i[l1o— T, (2.29)
A(E) = GG (2.30)
Ay(E) = GT,G™ (2.31)
G=[EI-H—-% —%]* (2.32)
where [ is an identity matrix of the same size as the rest, and:
T(E,V) = Trace[['1GT2G7] (2.33)

The number of electrons N (2.22) is replaced by the density matrix given by an analogous
quantity:

400
0= [ Eramin + (aE)pE) (2.34)
and the current is given by: -
+o0
2e
=% [ TEVIAE - pE)E (2.35)

as known as Landauer formula [3].

Density of states

The total number of electrons in the molecule is in general given by:
“+oo
N= / DOS(E) frp(E, Er)dE (2.36)

where DOS(FE) is the (total) density of states per unit energy of the molecule (corre-
sponding to the sum over all energy levels of the D;(E) distributions), and frp(E, EF)
the Fermi-Dirac distribution(2.16).
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2.1.3 Density-functional theory (DFT)

QuantumATK can model the electronic properties of closed and open quantum systems
within the framework of density functional theory (DFT) using numerical LCAO basis
sets (linear combination of atomic orbitals). The key parameter in the self-consistent
calculation of the Kohn—Sham equations is the density matrix, which defines the electron
density. For open systems, the density matrix is calculated using non-equilibrium Green’s
functions (NEGFs) while for closed or periodic systems it is calculated by diagonalization
of the Kohn—Sham Hamiltonian. The electron density then sets up an effective potential,
which is given by the Hartree, exchange-correlation, and external potentials. Knowing
the effective potential allows us to obtain the Kohn—-Sham Hamiltonian.

The LCAOCalculator provides a description of electronic structure using DFT and
norm-conserving pseudopotentials. The method is based on an expansion of the single-
particle wave functions in a basis of numerical atomic orbitals with compact support[1].

Kohn—Sham Hamiltonian

Within density functional theory, the many-body electronic structure of the system is
described in terms of the one-electron Kohn—Sham Hamiltonian:

; W2 Ga | vrefs
Hig = —%V + Ve n)(r) . (2.37)

In this equation, the first term is the kinetic energy of the electron, while the second term
(the effective potential) is the potential energy of the electron moving in the mean field
created by the other electrons as well as in any external potential field. The electrons are
described in terms of the total electron density, n = n(r)[1].

Solving the Kohn—Sham equations by means of a basis set expansion

The one-electron eigenfunctions of the Kohn—Sham Hamiltonian, 1, is calculated by
solving the one-electron Schrodinger equation,

Flleﬂ/)a(T> = ana(r) . (2'38)

To solve it, the eigenfunctions 1, (r) is expanded in a set of basis functions, ¢;
Yalr) =Y caithi(r) - (2.39)

This makes it possible to represent the differential equation as a matrix equation for
determining the expansion coefficients, cq;:

Z Hijcaj) = €q Z SijCaj (2.40)
J J

where the Hamiltonian matrix, H;; = (¢ H1e1|¢;), and overlap matrix Si; = (¢;|¢;) are
given by the multiple integrals with respect to the electron coordinates[1].

25



Theoretical background and State-of-Art Literature Review

Electron density

The electron density of the many-electron system is given by the occupied eigenstates of
the Kohn—Sham Hamiltonian:

n(r) =" faltalr)] (2.41)

where f, is the occupation of the level denoted by a. For finite temperature calculation

the occupations are determined by the Fermi-Dirac distribution f, = —=2——. The

ca—€R

1+e kT

electron density can then be expressed in terms of the density matrix:

n(r) = Z Dij¢i(r)e;(r) , (2.42)

where the density matrix is given by the basis set expansion coefficients cq;:

Dij =Y faChicaj [1]. (2.43)

Electron difference density

It is often convenient to compare the electron density of the many-body system to a
superposition of individual atom-based electron densities, n™*™(r — R,,), where R, is the
position of atom g in the many-body system:

An(r) =n(r) — Zn“tom('r - R,). (2.44)
m
An(r) is called the electron difference density|1].

Effective potential
The effective potential, V//[n], has three contributions:

Vel n] = VHn) 4 V*[n] + Vet (2.45)

The first two terms are due to electron—electron interactions, which depend on the
electron density. The first term, V*[n], is the Hartree potential due to the mean-field
electrostatic interaction between the electrons calculated from the Poisson equation as

e2

V2Vl f[n] = —

47r60n(7“) , (2.46)
while the second term, V*¢[n], is the exchange-correlation potential, which arises from
the quantum mechanical nature of the electrons.

The potential V¢! represents any other electrostatic fields in the system. It can
be separated into two contributions; the electrostatic potential of ions (given by norm-
conserving pseudopotentials) and external electrostatic fields (given by one or more ex-
ternal sources)[1].
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Total energy and forces
The DFT total energy of a many-electron system is a functional of the electron density,
n:

E[n] = Tn] + E*[n] + E¥[n] + E*'[n] (2.47)

where T'[n] is the kinetic energy of a non-interacting electron gas with density n, E*¢[n|
the exchange-correlation energy, £ [n] the Hartree energy and E*![n] is the interaction
energy of the electrons in the electrostatic field created by ions and other external sources.
The electron kinetic energy may be defined as

Tl =" fa(ipa‘%vQ‘wa) , (2.48)

First-principles forces are calculated by differentiating the total energy with respect to
the ionic coordinates of atom ¢ at position R;:
dE[n]
dR;

F = (2.49)

The total energy is calculated using TotalEnergy|[1].

LCAO basis set

The eigenfunctions of the Kohn—Sham Hamiltonian can be expanded in a Linear Combi-
nation of Atomic Orbitals (LCAO’s):

(Z)nlm(r) = Rnl(r)%m(f) y (250)

where Y}, (7 are spherical harmonics, and R,,; are radial functions with compact support,
being exactly zero outside a confinement radius[1].

2.2 Geometrical optimization of Ti@QC28

The Born—Oppenheimer approximation recognizes the large difference between the elec-
tron mass and the masses of atomic nuclei, and correspondingly the time scales of their
motion. Given the same amount of momentum, the nuclei move much more slowly than
the electrons,i.e. it can reasonably be considered that nuclei are fixed in relation to the
motion of electrons:

o Electrons move in a potential generated by static nuclei;

o Nuclei are affected by the average potential generated by electrons.
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This approximation consists of expressing the W4 (2.8) of a molecule as the product
of an electronic wavefunction ¢ and a nuclear wavefunction y:

\Ptotal = 7/)X (251)

This enables a separation of the Hamiltonian operator into electronic and nuclear terms,
where cross-terms between electrons and nuclei are neglected, so that the two smaller and
decoupled systems can be solved more efficiently [30].

In this case the Hamiltonian is:

HR,r) =T,(R) + To(r) + Ve (R) + Voo (R, 1) + Vi_o(r) (2.52)

with r standing for all electronic coordinates and R the nuclei position which is a
fixed values parameter in ¥ that is consequently found as a solution to the electronic
Schrodinger equation:

[To(t) + Voee(R, 1) + Vio (0)]9(r, R) = E(R)Y(r; R) (2.53)

where F is the electronic eigenvalue and depends on the chosen position R of the nuclei.
Reintroducing the nuclear kinetic energy is possible to solve the Schrodinger equation
for the nuclear motion:

[T.(R) + Vaon(R) + E(R)]X(R) = Errx(R) (2.54)

where the eigenvalue Fj; is the total energy of the molecule.
As a result of the Born-Oppenheimer approximation, the molecular wavefunction can

be written as a product:
U(R,1) = ¥(r; R)X(R) . (2.55)

In practice the electronic Schrédinger equation is solved using approximations at par-
ticular values of R to obtain the wavefunctions ¢ (r; R) and potential energies.

Varying the positions R in small steps and repeatedly solving the electronic Schrédinger
equation (2.53) it is possible to obtain E as a function of R defined as potential energy
surface (PES): E(R) = Epgs.

The PES describes the energy of a molecule as a function of the position of the nucleus:

Epps = E(X), X = (21,v1, 215 T2, Y2, 22; ..., TN, YN, ZN) (2.56)

where x;, y; and z; are the Cartesian coordinates of the i-th atom.
Geometry optimization is the process of researching equilibrium geometries and tran-
sition states on the potential energy surface.

2.2.1 Mulliken population

The concept of atomic charge explains the chemical behavior of a species attributing to
each atom of a molecule a fictitious charge considering the bonding electrons delocalized
in the surroundings of the more electronegative atoms [10].

28
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Actually, the atomic charge is not a measurable physical quantity and this is due to the
diffuse charge distribution electrons that can be randomly assigned to one of the atomic
centers. That is why the development of various methods to calculate the atomic charge
considering wave functions such as the Mulliken populations analysis.

The Mulliken populations analysis makes it possible to evaluate partial atomic charges
through calculations carried out by methods of computational chemistry based on the
linear combination of atomic orbitals molecular orbital method [10].

From the Borh interpretation of the wave function as sum of squares of the spin orbitals
at the point r for all occupied molecular orbitals is possible to calculate the electron density
p(r) at the point r for a system of N electrons occupying N/2 real orbitals as:

N/2

p(r) =2 Z i ()] (2.57)

and expressing the molecular orbital v;(r) as linear combination of basis function
(2.39):

N/2 [ K K
plr) =23 (Z cui¢u<r>) (2_) cumbu(r))

A (2.58)
N/2 K N/2 K K
=2 Z Z CpiCui®u(rT)du (1) + 2 Z Z Z 2¢,iCuidu(r)du(r)
i=1 p=1 i=1 p=1v=p+1
Rewriting 2.58 in terms of the elements of the density matrix, so having:
N/2
P =2 cuicui , (2.59)
i=1
It becomes:
K K
p(’l“) = Z Z Ppu¢u(r)¢u(r)
et (2.60)

Puuéu(r)qﬁu(r) +2 Z Z PMV¢M(T)¢V(r)

p=1v=p+1

=

ki
L

The number of electrons in the system is the integral of p(r) over all space:

N/2

N:/drp(r) :QZ/dr\wi(T)F (2.61)

The overlap between the orbitals ¢, (r) and ¢,(r) can be written as .S, .
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Assuming the basis functions to be normalized, so S, = 1, the electrons number is:

K K K
N=>"Pu.+2> Y PuSu. (2.62)
pn=1

p=1v=p+1

In the Mulliken method, all the electron density P, in an orbital is allocated to the
atom on which ¢, is located while the rest of P,, is associated with the population of
the overlap ¢,¢, splitting the density in half between the atoms on which ¢, and ¢, are
located respectively.

At this point the net charge of an atom A of nuclear charge Z4 can be calculated as:

K K K
ga=2Za— Y. Pu— > > PuSuw[10]. (2.63)
u=1;uonA p=LponA v=1:v#pu

2.2.2 Electron Localization Function

Because of the Pauli principle, the movement of electrons of the same spin is more strongly
correlated than the one between electrons of different spin. Therefore, it seems convenient
to separate the study of the electron pair density for electrons of the same spin and
electrons of different spin.

The probability of finding an electron of spin ¢ at point 71 when a second electron of
spin ¢’ is at point 75 is given by the electron pair density pggl.

Since the electron—electron interaction depends only on the distance between the elec-
trons and not on the angular orientation, changing the coordinate system with:

= 1/2(7?1 + 7?2)

=Ty —Tg,

w3

(2.64)

is possible to reduce the electron interaction’s dependence on variables from six (7
and 7) to four (7 and s) and the spherical average electron pair density can be defined
as:

! — ]_ o_o_/ —
P (T 8) = E/pz (7, 5)dS2s, (2.65)

where the integration is over the angles of the vector §.
Then the probability of finding an electron at position 7 when with certainty there is
an electron of the same spin at position 7 is given by:

L P8 s)
pee r,8) = ———s— 2.66
7:2) P (T) (266)
with p,(7) the elctron density of electrons with spin o calculable with the Kohn—Sham
approximation as:

() = 0 (7Y (267

30



2.2 — Geometrical optimization of TiQC28

where the Kohn—Sham orbitals is given by the set ¢; and the sum is over all the orbitals
with spin p.

Becke and Edgecombe understood that the Taylor expansion contains all the electron
localization information and the smaller the probability of finding the second electron near
the point 7 the more localized is the reference electron.

In particular, considering the leading term of the Taylor series expansion of P77(7, s)
in the vicinity of the point s = 0 where is possible to measure the short-range behaviour
of the electron at point % approaching the reference point 7:

N | 1(Vpo(7)*)
Poo(Fs) = 3 (Ta(r - 4/90(?7)> sT+ ., (2.68)

with:

() = (Vo) (2.60)

indicating the positive definite kinetic energy density, the electron localization is di-
rectly related to the non-negative quantity:

_ L(Vpo(r)®
4 py(r)
D, will be small in the regions of the space where the probability of finding a localized
electron or a localized pair of electrons is high, but can have very high values in other
places, and it is impossible to know how D, should be near to zero to consider an electron
to be localized.
Due to this arbitrariness of the magnitude of the localization measure, D, is compared
to the corresponding value for a homogeneous electron gas with spin density equal to p(r):

Dy (r) = 74(r) (2.70)

Qulor

DY) = 26 b (1), (2.71)

through the ratio:

Dy (r)
%)= Doy
to have a dimensionless localization index expressing the electron localization for the
homogeneous electron gas.
Finally, the electron localization function (ELF) is defined as:

(2.72)

1
RGN
to map its values on to the range 0 < ELF < 1.

ELF =1 corresponds to perfect localization and ELF = % corresponds to the electron
gas.

So the electron localization function is a measure of the likelihood of finding an electron
in the neighborhood space of a reference electron located at a given point and with the
same spin [21][19].

ELF(r) (2.73)
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2.3 Nudged Elastic Band (NEB)

The Nudged Elastic Band method is a tool both for finding the minimum energy path
and the saddlepoint connecting two minima (Figure 2.1). While very popular in the solid-
state and surface DFT community it has not seen as much use in the molecular chemistry
community. The main advantage of the method is that only gradients are required (unlike
transit-guided quasi-Newton, STQN), like in regular optimizations or surface scans (no
exact Hessian required) but unlike surface scans, the method converges to the minimum
energy path (MEP) and allows convenient saddle-point optimization in the same job.
Surface scans are also strongly biased towards the choice of the reaction coordinate and
can often end up far from the MEP, while NEB has no such bias (there is a small bias
towards the initial interpolated path).

Energy

Initial im'agg AKY |

Non minimum
_~‘energy path

Figure 2.1. Example of NEB
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2.4 Adsorption

When an atom or a molecule interacts with a solid surface a process of adsorption occurs.
This phenomenon can be divided in two categories: physisorption and chemisorption.

Physisorption is a physical bonding mechanism involving attractive dispersion forces
and short range repulsive forces, as well as specific molecular interactions occurring as a re-
sult of adsorptive (the material which is being adsorbed) and particular geometric and elec-
tronic properties of the adsorbent (the material on which the adsorptive is adsorbed)[33].
Instead in the case of chemisorption a chemical bonding is physically present. Therefore,
while physisorption is mainly associated to the electrostatic interaction between the two
species involved, and it is thus quite weak, chemisorption has a chemical nature, hence
resulting in a much stronger interaction. As a consequence, while in the first case the two
structures remain unchanged, in the second case a great modification of the electronic
structure occurs.

Physisorption can be associated to the well known van Der Waals force, which is
exerted between any two molecules, making physical adsorption possible on any solid
surface [12][9]. Chemisorpion, instead, presents a covalent bond and involves the transfer,
exchange, or sharing of electrons between the two species [12].

Nevertheless, it is important to highlight that the two phenomena are not really unre-
lated. A typical situation, in fact, sees a first moment of physisorption followed then by the
creation of the bonding itself (an interesting case is the one of dissociative chemisorption).

Another important consideration to be done is that there is a configuration which
minimizes the potential energy of the system, in both the bonding situations. Indeed,
if one analyzes the energy-distance curve for a specific process, a minimum of energy
is observed at a specific distance, which obviously depends on the interacting species,
especially in the chemisorption case. This distance is searched as it is possible to associate
to it the structure minimizing the energy of the system, and therefore the most likely to
happen.

There is the necessity of having a good bonding and the most suitable material turns
out to be gold. Gold, in fact, is the typical material of choice in dealing with molecule-
based electronics. It has been demonstrated in [27] and [2] to create strong covalent bond
with carbon, an higher transmission with respect to the other 1B group metal, like Ag or
Cu [31], and has been widely used to create structures like the ones reported in [26],[41]
and [32].

2.5 Adsorption energy

Adsorption energy is defined as the decreasing energy while two materials are combined
under the adsorption process in which an adsorbate is attached to the surface of an
adsorbent. Adsorption energy, F,4s, can be calculated as the difference between the
energy of the adsorption model and the sum of the energy which separately calculated for
each structure composing the adsorption structure [34]:

Eads = Lisystem — (Eadsorbent + Eadsorbate) . (274)
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2.6 Fullerenes

Fullerenes represent a new allotropic state of carbon, different from graphite and diamond.

To generate large carbon molecules in the laboratory, responsible for some peculiarities
in the absorption spectra of interstellar regions [17], Kroto et al. [25] studied the mass
spectra of carbon vapors obtained from graphite crystals with high-energy lasers. Mass
peaks were attributed to various species of carbon in the vapor phase; the most abundant
of these species was a cluster consisting of 60 carbon atoms. This C60 cluster named
buckminsterfullerene (also called buckyball) has considerable stability and is considered
the prototype of the entire family. It has the shape of a hollow "spherical" cage, with a
diameter of 7.1 A, formed by triconnected carbon atoms, approximately hybridized sp2,
joined to form a closed network of 12 pentagons and 20 hexagons.

Figure 2.2. C60.

Together with C60, the second predominant cage species in graphite vapors was C70.
Later, other interesting species of the family were also identified (e.g. C76, C78, C84).
These cage molecules of Cn carbon atoms are collectively named fullerenes.
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Fullerenes are structurally similar to graphite consisting of hexagonal rings connected
to each other in a plane but differ in some pentagonal rings that prevent a planar structure.
They are then composed of an even number of carbon atoms arranged in regular hexagons
and pentagons as a closed convex polyhedron.

2.6.1 Stabilization rules

Some fullerene molecules are quite stable at ambient temperature and pressure, despite
being energetically disadvantaged compared to other carbon allotropes such as graphite
and diamond.

Isolated Pentagon Rule (IPR)

The stability of fullerenes, in most cases, is regulated by the fact that the pentagons are
surrounded by 5 hexagons, and therefore are isolated from each other. The C60 cage is the
smallest that meets these conditions. To give rise to a stable situation each pentagon must
be surrounded exclusively by hexagons - This statement is known as the IPR "Isolated
Pentagon Rule'.

Fused pentagons

So according to how these pentagons are arranged within the carbon framework, fullerenes
can be divided into two different groups: one group characterized by the isolated pentagons
and the other one by pentagon adjacency.

These second reactive species can be stabilized, either by endohedral encapsulation of
an electron-donating metal atom/cluster or by sp2-to-sp3 rehybridization via exohedral
derivatization of the active sites associated with the fused pentagons.

The structurally characterized derivatives of non-IPR fullerenes has revealed three ba-
sic configurations of pentagon fusion, named double fused pentagons (DFP), triple directly
fused pentagons (TDFP), when three pentagons are fused sharing a common carbon ver-
tex, and triple sequentially fused pentagons (TSFP) motif, an alternative configuration
to TDFP, when the rings are fused sequentially [37].

Electron Counting Rules

In 1916 Lewis put forward the idea of the octet rule, which became “a chemical rule of
thumb”. Without considering electrons belonging to d and f orbitals, the octet rule refers
to the tendency of atoms to attain a fully filled valence shell s2p6 configuration as that of
noble gases [43].

After five years, Langmuir extended the octet rule to general cases and speculated that
“The electrons in atoms tend to surround the nucleus in successive layers containing 2,
8, 8, 18, 18, and 32 electrons, respectively”. This leads to the “18 electron principle” for
metal complexes such as organometallic compounds with a transition metal atom having
9 orbitals (five d, one s, and three p), which can host 18 electrons corresponding to a
closed valence shell d10s2p6 [43].
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It has to be observed that these 9 orbitals hybridize with the orbitals of the ligands
forming bonding, anti-bonding, or nonbonding molecular orbitals and if 18 electrons fill
these orbitals, a closed electronic shell configuration is reached in the same way as a noble
gas atom.

Pyykko, in 2006, considered in the principle both the bonding contributions to the
central metal atom and at the same time the consecutive occupations of ligand orbitals
with increasing kinetic energy related to their nodal structures. This counting principle
has led the discovery of many endohedral clusters. Furthermore, Dognon et al. extended
this rule to the “32-electron rule” by inserting an f shell with 14 additional electrons [43].

2.6.2 Applications of Fullerenes

The unique physical and chemical properties of fullerenes have led many researchers to
explore the applications of this molecules [29].

Medical Applications

+ Antioxidant
Fullerenes are readily reactive with free radicals due to the presence of large amounts
of dual conjugated bonds and low lying LUMO [29].

« Antibacterial/Antimicrobial Activity
The hydrophilic derivatives of fullerene such as fullerols and amino-fullerene exhib-
ited antibacterial activities [29].

o Antiviral Activity

The antiviral potential of fullerene derivatives has been linked with their matchless
molecular cage structure and antioxidant properties. An investigation has shown
that fullerene derivatives may hold back and form a complex with HIV progress [29)].

e Drug Delivery

Fullerenes may become potential vectors of cell distribution due to their good bio-
compatibility, selective targeted distribution and controlled release of transported
drugs. By attaching hydrophilic species to them, fullerenes become water soluble
and, as such, become exceptional in drugs and the administration of genetic cells

[29].

Photovoltaics

Studies revealed performances of polymer transistors as Organic Field Effect Transistors
(OFTETS) and photodetectors is on the increasing as a result of synergy between organic
photovoltaics (OPVs) and organic field effect transistors (OFETS) [29].
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Water Purification/Environment

One study found that the functionalization of C60 with hydrophilic moieties produces a
material that can inactivate pathogenic microorganisms through photocatalytic processes
[29].

Hydrogen Storage

One unique characteristic of fullerenes is the hydrogenation of their C-C bonds to form
C-H bonds which actually have a lower bond energies and by heating it is possible to break
this C-H bonds and the molecule return to its original geometry. That makes fullerenes
ideal storage molecules for hydrogen and they are able to retain a maximum of 6.1% of
hydrogen due to their chemistry and cage molecular structure [29].

Energy Materials

Some of this fullerenes are used for supercapacitors, high-performance lithium-ion batter-
ies, and superconductor materials production [29].

2.7 Endohedral fullerenes

Since fullerenes have a spacious internal cavity, atoms or clusters can be encapsulated in
this cage forming endohedral fullerenes. If metal atoms are encapsulated inside the cage,
it is called endohedral metallofullerenes (EMFs). The presence of the electron transfer
from the metal atoms to the carbon cage imparts remarkable characteristics to EMFs,
in fact, in most EMFs, the introduction of the metal in the cage improves the electron
affinity compared to the corresponding empty cage [22].

Cationic metal atoms are localized at specific positions where these atoms are sta-
bilized. The metal positions can be predicted by calculating the electrostatic potential
maps inside the anionic cages because the metal-cage interaction is considerably ionic.
Paramagnetic NMR shift analysis is a powerful method to identify the metal positions in
EMFs experimentally [22].

The chemical functionalization of EMFs can regulate metal positions and movements of
the metal atoms. The metal positions are affected by the addition of addends because the
electronic structure of the cage is altered. In addition, the electrostatic repulsion between
the metal atoms plays an important role in the metal positions. Distances between the
metal atoms in functionalized fullerene cages depend upon not only the cage sizes and
symmetries but also the addends. In the endohedral fullerenes, often with 60 or more
carbon atoms, the doped atom does not interact strongly with the carbon cage. On
the other hand, the small fullerene cages are relatively unstable owing to the increase in
the curvature, resulting in strain in the cage and weakened m-conjugation. The smallest
fullerene C20 has all pentagonal faces and therefore the bonding tends to become sp3 like
in contrast to the predominant sp2 bonding in large fullerenes[43].
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2.7.1 Electronegativities, binding energy and ionic radius

In [23] studying C28, C28H4, C28F4, (Ti@QC28)H4, and M@QC28 (M = Mg, Al, Si, S,
Ca, Sc, Ti, Ge, Zr, and Sn) is reported that focusing on the M+4 metals, there seems
to be a correlation between the ionic radius and the calculated binding energy. Notice
that by definition the ionic radius is the measure of an atom’s ion in a crystal lattice,
thus it corresponds to half the distance between two ions that are barely touching each
other. The M+4 metal with the longest ionic radius (0.86 A in Zr+4) has the best binding
energy (2.8 eV). Ti@QC28 has also been detected and it has a relatively long ionic radius
(0.68 A) but close to zero binding energy. Nevertheless, the trend is clearly violated by
Sn+4 which has an ionic radius similar to Ti+4 (0.71 and 0.68 A, respectively) but very
unfavorable binding energy (-8.0 eV).

After some studies, it has been concluded that the binding energy seems to be the
only good indicator of the element’s ability to be trapped inside C28. So the binding
energy is a posteriori indicator of how “happy” the metal atom is inside the cage after
the insertion process is completed. The trapping success rate is ultimately determined by
the ability of the metal atom to establish a chemical complex with the growing carbon
clusters. Assuming that these metal-carbon interactions are charge transfer complexes,
those elements with low electronegativities (i.e., more facile electron donation) will have
a leading edge in their interactions with carbon.

It has been observed that the elements that have been successfully trapped inside
fullerenes are always located at the left of the Periodic Table and that these are precisely
the elements that have the lowest electronegativities and are thus better equipped to form
strong charge transfer complexes with carbon.

This leads to formulation of two rules:

o Elements that are successfully trapped inside fullerenes have electronegativities smaller
than 1.54.

o The smallest endohedral fullerene that can be formed for a given element is a function
of its ionic radius.

A diagram of Pauling electronegativities as a function of atomic number is presented
in [23] where has been reported forming endohedral fullerenes, experimental attempts to
trap the element inside fullerene cages have been unsuccessful and elements that have not
been tried out yet and a dividing line at the electronegativity value of 1.54 is drawn. It
is shown that Be, Mg, Al, Ti, Mn, Nb, and Ta, are all very close to the 1.54 threshold.
It is worth noting that the electronegativity seems to fit the experimental evidence much
better than other parameters usually employed to quantify the element’s ability to donate
electrons.

It is also presented a list of ionic radii for several elements together with the smallest
cage size for which endohedral fullerenes have been reported to form and seems that the
smallest endohedral fullerene that can be formed for a given element is a function of its
ionic radius.
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2.8 Experimental methods for fullerene encapsula-
tion

2.8.1 Laser Vaporization of Carbon

In this method, fullerenes are produced in a supersonic expansion nozzle by a pulsed
laser which is focused on a graphite target in an inert atmosphere (helium). This process
involves vaporizing carbon from a rotating solid disc of graphite into a high-density helium
flow using a focused pulsed laser.

2.8.2 Arc discharge technique

Endohedral metallofullerenes were first produced by laser vaporization of graphite-metal
oxides composite materials at the early stage of fullerene research, and later by the use
of arc discharge technique. EMFs were synthesized in a modified Kratschmer-Huffman
generator during the vaporization of graphite rods containing metal oxides in a helium
atmosphere by arc-discharge. By this way, complex mixtures of empty fullerenes and
EMFs mixed together in a carbonaceous soot matrix are obtained. The percentage of
fullerenes and EMFs in the raw soot is normally less than 10% . Among them, EMFs
can be obtained by the extraction with organic solvents, followed by multi-step high-
performance liquid chromatography (HPLC) procedures. The total yield of purified EMFs
is generally lower than 1% [7].

2.8.3 Resistive arc Heating of Graphite

This method involves the evaporization of carbon rods via resistive heating under a partial
helium atmosphere; the resistive heating of carbon rods causes the rod to emit a faint grey-
white plume, a soot-like substance made up of fullerenes, and this is collected on glass
shields surrounding the carbon rods.

2.8.4 Laser Irradiation of Polycyclic Hydrocarbons (PAHs)

Direct synthesis of fullerenes has been developed as a means of obtaining new Homo-
logues of the fullerenes family which may not be obtained in good quantity through
the uncontrolled process of graphite evaporation. This approach of fullerene synthesis is
based on polycyclic aromatic Hydrocarbons (PAHs) that already have the required carbon
frameworks. Such PAH molecules are "rolled up" to form fullerenes under flash vacuum
pyrolysis (FVP) conditions, it has been reported that a polycyclic aromatic hydrocarbon
which consists of 60 carbon atoms forms fullerene C60 when it is laser irradiated at 337
nm wavelength.

2.8.5 Bottom up

It is possible to form fullerenes by ingestion of atomic carbon and small carbon clusters
(C2). Growth by C and C2 incorporation is demonstrated for C60, C70, C76, C78, C84
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and the endohedral metallofullerenes, La2@C80 and Gd@QC82. Atomic carbon strongly
interacts with the fullerenes during growth and catalyzes bond rearrangements[13].

2.8.6 Top down

Under appropriate conditions, graphene sheets can spontaneously roll and warp to form
other nanostructures, including randomly formed giant closed carbon networks—the prim-
itive fullerene cages.

In an important computational study, a ‘shrinking hot giant fullerene’ mechanism
that leads to smaller fullerene structures has been advanced, which suggests a cascade
shrinking process (multiple C2 losses) of giant fullerenes with spontaneous self-assembly
to appropriate high-symmetry fullerene cages[42].

2.8.7 Molecular surgery

A modern method is the molecular surgery.

This approach consists of a series of steps, which are incision of the fullerene cage to
form an opening on the surface, insertion of small atom or molecule through the opening,
and the suture of the opening to reproduce the fullerene cage while retaining the guest
species.

An example of this method is the encapsulation of an atom of He or a molecule made
up by two atoms of H in a C60 cage.

In this case an open-cage fullerene is synthesized by the reaction of the fullerene with
with photochemically generated singlet oxygen. This opening is not enough large for a
molecule pass so in order to enlarge the incision a reaction to insert a sulfur atom into
the rim of the opening is performed. The enlargement of the opening was also found to
be possible by insertion of a selenium atom in place of sulfur to the rim of the opening.

Then the open-cage fullerene is treated with high-pressure H2 gas (800 atm) at 200 °C
for 8 hours in an autoclave or under He gas (20 atm) at 80 °C for a few hours and the
incorporation of the guest species inside the cage is realized.

Finally, the first step for the size-reduction of the opening in the cage is the removal of
the sulfur atom through an oxidation of the sulfide unit and then a final step to remove
all the remaining organic addends on the C60 cage was performed by simply heating a
powder of H2QC60 in a vacuum-sealed tube placed in an electric furnace at 340 °C for 2
hours [28].
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2.9 Single Molecule Electret Device

A Single Molecule Electret (SME) device is a new memory device in which an electric
dipole, rather than the magnetic dipole, stores information at the single-molecule level.
The species REQC82 (RE = La, Gd, Tb, Dy, Ho, Er) have been studied as small and
stable units of memory.

2.9.1 Gd@C82

In particular, Zhang et al.[41] made an SME (Gd@QC82) device demonstrating its non-
volatile memory capabilities. SME behaviors can be observed in a molecule containing
an internal cavity, in which trapped ion shuttles between two or more energetically stable
sites. The application of an electric field to the SME can alter the energy of the single ionic
site, thus inducing the transfer of inter-site ions with polarization reversal. As a result,
the EMS has ferroelectric characteristics (for example, the hysteresis of polarization and
spontaneous polarization).

Zhang reveals the SME nature of the molecule GA@QCS82 indicating the existence of two
stable Gd sites within C82. A single-molecule transistor formed by a molecule of Gd@QCS82
in the nanogap between a pair of Au electrodes was manufactured. Repeatedly sweeping
forward and backward of the back-gate voltage over a wide range (-15 V to +15 V) with
the SD voltage fixed at 2 mV, it can be observed that the SD current has two reversible
series of Coulomb oscillation patterns.

Figure 2.3. C82.
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Differential conductance shows the existence of two stable channels of transport of
single electrons. A hysteresis ring corresponding to the gate-controlled switching behavior
was observed in a gate field of 0.5 V/nm. Different currents ( 62% difference) indicate
different molecular states, which can be used in a typical two-state electret storage device.

The behavior of the transport of individual electrons in Gd@QC82, therefore, varies
depending on the position of the Gd ion because the two GdQCS82 stable sites are not
equivalent. This asymmetry is fundamental for the use of GAQC82 molecules as memory
elements. Information can be stored when the position of the Gd ion is adjusted by the
gate voltage. The switching between the two states can be simplified as an electric-field-
driven flipping of the SME of GdQCS82. An electric field of 16 mV /A could switch the
relative stability of Gd-T and Gd-IV, with a reduced barrier of 7.6 meV. A field of 50 mV /A
could further reduce the barrier to zero. The position of the Gd ion (obtained from DS
current measurements) can be read as stored information. This two-state behavior is
highly reproducible and stable for over a month.

2.9.2 Sc2C2@Cs(hept)-C88

In the paper [26], logic-in-memory operations of a two-terminal single-metallofullerene
device at room temperature were demonstrated.

The digital information was found to be reversibly encoded and stored by manipulating
the movement of the independent permanent dipole of Sc2C2 in the fullerene cage using
a pulsed bias voltage.

Since the Sc2C2 group is encapsulated in the cage, the inter-dipole coupling between
adjacent devices is expected to be lower than the energy barrier U.

The use of fourteen basic Boolean logic functions at the single-molecule level was
demonstrated by using sequential operational cycles and it offers new insights into the
development of future in-memory and neuromorphic computing.

Due to the technological challenges in microfabrication processes, compared to a gate-
controlled three-terminal device, this two-terminal device has advantages for future inte-
gration.

Furthermore, this work suggests that metallofullerenes and more generally, supramolec-
ular cages with an encapsulated group, are a potential direction to design target molecules
for single-molecule logic-in-memory devices.
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2.10 The C28 fullerene

All atoms of C28 are threefold coordinated, arranged in 12 pentagons and 4 hexagons. A
large ratio of pentagons to hexagons results in sp3 orbital hybridization rather than sp2
as exhibited by C60.

Among various endohedral species, C28 is the smallest fullerene cage that successfully
traps metal atoms inside the cage. Calculations show that the binding energy of MQC28
(M: Mg, Al etc.) is a good indicator of whether the C28 cage can trap metal atoms.

These calculations show that elements with electronegativities smaller than 1.54 eV
are successfully trapped inside the C28 cage.

In 1987, Kroto proposed that a C28 fullerene cage with Td symmetry might be a
candidate for the smallest fullerene. This C28 structure may be best understood as four
six-membered rings connected by four carbon atoms at each vertex of a tetrahedron.
Around each tetrahedral vertex, there is a triplet of pentagons.

Ab initio calculations revealed that the Td symmetry C28 fullerene possesses an open
electronic ground state that lacks four electrons with regard to a closed electronic shell,
suggesting that it can be stabilized by trapping a tetravalent atom of suitable size inside
the cage. In other words, the four unpaired electrons (dangling bonds) make C28 behave
like a sort of hollow superatom with an effective valence of 4, both towards the inside and
outside of the carbon cage, so Group 4 elements have been observed to encapsulate the
C28 cage, in addition to U[22][15][43].

Figure 2.4. (C28 in Td symmetry.
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The 32-electron rule is also applicable to Ti@C28, ZrQC28, and HfQ@C28 due to the
similarity of the electronic structures of these metallofullerenes and [C28]4-. In fact, the
stability of this cage can be understood from the electronic shell closing with 32 valence
electrons. For C28, there are 28 7 electrons and one needs a rare earth atom with four
valence electrons such as Ce and Th, which is ideal and leads to a closed-shell symmetric
tetrahedral cage with a large HOMO-LUMO gap of 2.41 and 2.37 eV (within GGA-PBE),
respectively.

Besides hybridization of the f-type cage molecular orbitals with f orbitals of the dopant
atom, there is also hybridization between the d molecular orbitals of the carbon cage and
the d orbitals of the metal atom such as for Ti, Zr, and Hf doping.

In [14] is reported the first experimental evidence for TiQC28 stabilization and also an
exhaustive investigation of elements across the periodic table was carried out for endohe-
dral stabilization and only Zr and U additionally form M@QC28 in abundance, with weaker
formation for HfQC28. For U doping, the U atom remains at the center of the symmetric
cage which can be considered approximately spherical. Its 5f orbitals hybridize with the
f-type molecular orbitals of the cage, leading to stabilization and a large gain in energy.
For Zr and Hf, the C28 cage remains symmetric and the M atom locates at the center of
the cage; but the Ti atom drifts away from the center. Note that the Ti atom is smaller
than Zr and Hf atoms.
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2.11 The Ti@C28 mono-metal endohedral fullerene

Electropositive metals that donate four electrons to the lowest unoccupied molecular or-
bital (LUMO) of the fullerene cage to afford a closed-shell M4+@C28 species with a large
HOMO-LUMO gap, as a consequence of the energetically deep HOMOs, may permit
sufficient stabilization for detection. Gas-phase investigations probing such stabilization,
however, have been hindered by the complexity of the mass spectra that result from non-
fullerene clusters, empty cages, and endohedral fullerenes which all form spontaneously
in carbon vapor. That restriction is clearly illustrated in the case of titanium, an attrac-
tive tetravalent candidate for C28 stabilization by encapsulation. The major isotope, Ti,
differs in mass by only 52 mDa from C4. A closed-cage solution to C28 requires that the
fullerene must possess 12 pentagons and four hexagons. Consequently, there are only two
possible isomers (Td or D2 symmetry) for the C28 fullerene.

Figure 2.5. Ti@QC28 in Td symmetry.

Ti@C28 exhibits high relative abundance in experiments, but empty-cage C28 is not
observed indicating that encapsulation of titanium significantly stabilizes the C28 cage.
The Td-C28 isomer possesses four units of directly fused triple pentagons in the structure,
whereas D2-C28 contains a much more highly strained pentagon configuration with four
directly abutting pentagons. The ground state of the neutral Td isomer is quintuplet,
whereas the D2 is singlet. That observation suggests that only for the Td-C28 structure
can an endohedrally located atom donate four electrons to the cage to form a species that
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is electronically closed shell with a large HOMO-LUMO gap, due to the low energy of the
singly occupied orbitals.

The presence of the four energetically deep quasi-degenerate singly occupied molecu-
lar orbitals for the Td isomer, which receive the four electrons from Ti, results in much
stronger stabilization than for the D2 isomer. Accordingly, the HOMOs for TiQTd-C28
show much lower energies than those for Ti@D2-C28. Therefore, in good agreement with
a monoelectronic picture, Ti encapsulation renders the Td isomer much more stable than
the D2 isomer. Indeed, the energy difference between the neutral empty-cage species is
about 17 kcal/mol , but this difference increases for the tetra-anion and Ti@C28 endo-
hedral species to 61 and 55 kcal/mol. Previous studies found that transferred charge
to a fullerene cage is preferentially located at the most strained bonds, corresponding to
the most pyramidalized atoms. In Td-C28, those carbon atoms are located at the di-
rectly fused triplepentagon junctions. The Td-C28 isomer has an optimal structure to
accommodate the four electrons that minimizes Coulomb repulsion.

Figure 2.6. Ti@QC28 in Td symmetry with carbon atoms located at the directly
fused triplepentagon junctions.

The Ti trapped inside the cage prefers nucleophilic regions of the fullerene. A large
energy difference between the endohedral metallofullerene with the Ti atom in the center
of the cage and that with a shift from the center is found. Ti@QTd-C28 with its Ti atom
shifted is about 37 kcal/mol lower in energy than when the Ti resides in the center. The
displacement of the Ti atom toward the nucleophilic region from the center of the molecule
is approximately 0.535 A. The frontier orbitals also are significantly affected by the shift
of the encapsulated metal. Similar results are found for M = Zr and Hf, with M@QTd-C28
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much more favored than M@D2-C28 . Interestingly, the Zr atom is also slightly displaced
from the center of the cage toward the triple-fused pentagons (0.223 A), but the Hf atom
remains almost in the center of the fullerene. [14]

C3

Figure 2.7. The various stationary points with respect to the motion “on the shell" are
marked as follows: ¢ global minimum, A local maximum,e saddle point.

At the center of C28, the titanium atom is unstable with respect to outward dis-
placements along both symmetry axes, as indicated by the two imaginary vibrational
frequencies. The radial equilibrium positions all occur near a shell of radius 0.5 A about
the origin. On the C3(h) axis, the minimum is a true (global) minimum. On the C3(t)
the radial minimum is actually a maximum with respect to the tangential motion “on
the shell"; when motion in three dimensions is allowed, it is a saddle point. On the C2
axis, there is a single minimum indicated by the symmetry-equivalent circular marks on
this axis in Figure 2.7. The top and bottom contours about this axis are also contours in
the two perpendicular tangential directions about either point, and the minimum energy
outside the C2 axis lies in between the other two minima values along the C3 directions.

Linear combination of Gaussian-type orbital (LCGTO) local density functional (LDF)
calculations on the equatorial plane of tetrahedral C28 in Figure 2.7 and its six equivalent
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counterparts show that the potential energy surface of titanium inside C28 in the neigh-
borhood of the shell of radius 0.5 A has four global minima and four local maxima on the
four threefold axes as well as six saddle points on the three twofold axes. The titanium
atom is strongly localized in one of the four symmetry-equivalent C3(h) wells.

In the lowest-energy configuration, the titanium atom is displaced about 0.5 A from the
center toward one corner of the tetrahedron of carbon atoms. Such a large displacement
precludes a significant amount of tunneling from one such minimum to any of the three
other symmetry-equivalent minima and the asymmetry may be verifiable spectroscopically
[16].
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Chapter 3

Preliminary analysis

3.1 Analysis of different elements encapsulation

In order to choose which atom to encapsulate in the C28 cage, an analysis is carried out on
the stability of 13 fullerenes each containing a different atom, chosen in the entire periodic
table according to their electronic configuration, their electronegativity, and their ionic
radius. The selected atom are: Na, K, Be, Mg, Ca, Ti, Hf, Zr, F, Cl, Br (Figure 3.1) and
Rb (not in figure).

Figure 3.1. The cage with the different species encapsulated.
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3.2 TotalEnergy

In ATK-DFT, the TotalEnergy object (Figure 3.2,Figure 3.3) returns the free energy given

by:

Fln] = T[n] + E*[n] + E¥[n] + E“'[n] — 05 , (3.1)

where n is the electron density.
The terms in this equation are:

T'[n] is the kinetic energy of the Kohn-Sham orbitals.

E*¢[n] is the exchange-correlation energy.

E*f[n] includes all the electrostatic terms, i.e. the Hartree energy and the interaction
energy with the pseudo potential ions.

E*[n] is the interaction energy with an external field.

—oSis the entropy contribution due to smearing of the occupation function. Here o
is the broadening of the occupation function and S is the generalized entropy.

It is possible to approximately correct for the effects introduced by using a smeared
occupation function with a finite broadening, o, by the formula

Eo——>0<0') = Fo——>0(0') = E(O') + AEU—)O s (32)

where the correction term, AFE,—sq is determined by the specific occupation method
used[1].

Atoms Cz=Hf (29 atoms)

Bonds Automatic

Calculator CounterpoiseCorrected...
Is converged Yes

Mesh Cutoff 55.0 Hartree (30, 31, 31)
K-point grid (1.1, 1)

Poisson solver Parallel Conjugated Gra...

Figure 3.2. LCAO settings used.

ETot al

TotalEnergy

Total Energy -6093.34 eV

Figure 3.3. Analysis performed for the en-
ergy calculation.
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The employed DFT settings are reported in table 3.2:

LCAO calculator

Basis set

Exchange correlation: GGA
Functional:PBE
van der Waals correction:: Grimme DFT-D2
Pseudopotential: FHI
Basis set: DZP

Numerical Accuracy

Density mesh cut-off: 55 Hartree
Occupation method: Fermi-Dirac
Broadening: 1000 K

Poisson Solver

Solver Type: [Parallel] Conjugate Gradient
Boundary Conditions: Dirichlet

The total energy of the C28 cage filled with 13 different species from different groups
of the periodic table has been evaluated and compared with each other as a function of

Table 3.1. DFT settings.

electronegativity and their ionic radius.

From Figure 3.4 it’s clear that there is a correlation between the electronegativity and
the stability of the molecule. The trend is clearly not linear but the results confirm again
the theory of [23] where it is not possible to encapsulate an atom with electronegativity

greater than 1.54.
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Figure 3.4. Energy vs Electronegativity
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A bit more confusion seems to be in the relation between the stability of the molecule
and the ionic radius of the encapsulated atom (Figure 3.5).
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Figure 3.5. Energy vs Ionic radius

Instead, the situation is very different if are analyzed only the C28 cage filled with
atoms from the same group, so the same number of valence electrons.

The stability decreases when the ionic radius length increases (Figure 3.6, Figure 3.8,
Figure 3.9) with the only expected ([23]) exception of the Be atom (Figure 3.7).
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Figure 3.6. Energy vs lonic radius of TA
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After these analyses, the Ti@C28 seems to be one of the most stable molecules and it
is also one of the most studied in the literature.

For these reasons, it is chosen to conduct the study as SMD.
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3.3 Geometrical optimization of TiQC28

From [16] are known roughly the position of the four global minima in the TiQC28, so two
states of it have been chosen, I-TiQC28 and II-Ti@QC28, where the Ti atom occupies two
adjacent minima (Figure 3.11 and Figure 3.12). Two different states have been chosen in
order to investigate the difference between the minima.

Before investigating the properties of the two states an optimization of their geometries
is needed.

To perform the geometry optimization calculations of the isolated C28, I-TIQC28, and
[I-Ti@QC28 the ab initio quantum chemistry package ORCA with the Density Functional
Theory method (DFT), Generalized Gradient Approximation (GGA)(the first derivative
of the electron density is included as a variable within the exchange-correlation functional),
Becke, 3-parameter, Lee-Yang-Par exchange-correlation functional (B3LYP), Triple-C-
Valence-Polarized (TZVP) basis set, with der Waals (vdW) correction Grimme DFT-D3
are been used (Figure 3.10).

I UKS B3LYP D3 def2-TZVP Opt
%sct

SCFMode Direct

MaxIter 1008
end

|
Zpal

nprocs 18
end

Figure 3.10. Header of ORCA’s input files used for the optimizations.

The two optimized geometries are shown in Figure 3.13 and in Figure 3.14 and it is
possible to find quite visible differences between the initial and the optimized Ti@QC28
states.
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Figure 3.11. I-TiQC28 Figure 3.12. II-Ti@QC28

Figure 3.13. I-Ti@QC28 optimized with ORCA. Figure 3.14. II-Ti@C28 optimized with ORCA.
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3.4 Nudged Elastic Band (NEB)

The NEB method is designed to converge to the minimum energy path, though in prac-
tice, convergence to the saddlepoint (and partial convergence to the MPE) is often more

convenient and usually sufficient.

A

Energy

State Il

State |

Figure 3.15. The geometries and energy profile corresponding to the two states I
and II, and the intermediate state.

In this work, the NEB-CI job is performed (Figure 3.16) so the climbing-image variant
of NEB is used. In this type of job only an approximate minimum energy path is achieved
(higher convergence thresholds on the images by default) but the calculation converts
(after threshold max is reached) one image into a "climbing" image that converges to the
saddlepoint (with low convergence threshold). This is usually much more efficient than

converging the full minimum energy path [5].
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The I-Ti@C28 is used as initial image, the II-TiQC28 is used as final image and an
initial NEB-CI job with 6 NEB images is performed (Figure 3.16).

I NEB-CI
%neb
MEB End XYZFile "II-Ti@C28.xyz"
Nimages 18
end
%pal
nprocs 18
end

*xyzfile © 1 I-Ti@C28.xyZ|

Figure 3.16. Header of ORCA’s input files used for the NEB job.

In Figure 3.17 it is possible to appreciate the convergence of the path between the two
states up to the minimum energy path.
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Figure 3.17. Convergence of the path with 6 NEB images.
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Preliminary analysis

This minimum energy path computed with only 6 NEB images (Figure 3.18) shows
two minima quite distant from the initial and final states, but there aren’t images in the

interpolations with the lowest energy values, so the presence of real energy minima is
doubtful.

0.0010

0.0005

0.0000

Energy [Ha]

—0.0005 4

—0.0010 1

T T T T T
0.0 0.5 1.0 1.5 2.0
Displacement [Bohr]

Figure 3.18. Final path with 6 NEB images.
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3.4 — Nudged Elastic Band (NEB)

To investigate the real presence of more stable positions along the path the number
of the NEB images for the job is increased to 18 and as it is possible to see in Figure
3.19 the presence of position associated with lower energy turns out already at the second
iteration.

Iter.: O to 13

0.035 4

0.030 1

0.025

0.020 1
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0.0 0.5 10 15 2.0 2.5
Displacement [Bohr]

Figure 3.19. Convergence of the path with 18 NEB images.
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Preliminary analysis

The minimum energy path computed using 18 images, shown in Figure 3.20, reveals
the presence of two positions not even a nanometer away from the initial and final state
but with an energy level not negligible.

0.001 4

0.000 4

—0.001 -

Energy [Ha]

—0.002 A

—0.003 A

T T T T
O.‘O 0.5 1.0 15 2.0
Displacement [Bohr]

T
25

Figure 3.20. Final path with 18 NEB images.
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3.4 — Nudged Elastic Band (NEB)

After having found the coordinates of the two minima a further NEB job with 18
images is performed (Figure 3.21)in order to check with more precision the path between
the two states.

Iter.: 0 to 23
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Figure 3.21. Convergence of the path between the two minima of energy found.
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Preliminary analysis

The minimum energy path between the two real global minima is shown in Figure 3.22.
Then it is possible to measure the energy barrier between the two minima and the
saddlepoint of the path, so the energy that titanium needs to move from the position
occupied in I-Ti@QC28 to the position occupied in II-Ti@QC28, that is almost 0.005 Ha
which correspond to 0.14 €V and this matches with the value of 0.15 eV reported in [16].

0.004

0.003

Energy [Ha]

0.002

0.001 4

0.000 -

T T T T T
0.0 0.5 10 15 2.0
Displacement [Bohr]

Figure 3.22. Final path between the two minima of energy found.

Some frames of the transition from state I to state II have been selected from the movie
NEB tool available in ATK and they are shown in Figure 3.23.
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3.4 — Nudged Elastic Band (NEB)

Figure 3.23. Frames of the titanium atom path between I-TiQC28 and II-Ti@QC28
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Preliminary analysis

3.5 Final optimization of I-TiQC28 and II-Ti@C28

After performing the NEB analysis and having found the position of two energetic minima
it is possible to optimize the two states of the Ti@QC28 so that they are in the most stable
configuration possible.

The new atom’s coordinates from the ORCA output file are loaded on ATK and it’s
possible two see the few but important differences from the energy point of view of the
two versions of the two states of TiQC28, the previous optimization in Figure 3.24 and
Figure 3.25, and the optimization from the NEB analysis in Figure 3.26 and Figure 3.27.

3.6 Electronic structure properties study of I-TiQC28
and II-Ti@QC28

The total energy of the isolated molecules and of the isolated Ti atom has been calculated
(-2229769.3601 kJ/mol) and the encapsulation energy is derived, defined as:

Eenci = Ei—riacos — (Ec2s + Eri) . (3.3)

where E7p; is the isolated Ti atom energy , Ecog is the isolated C28 energy, and the
E;_piacog with i=I, II are the I-Ti@QC28 and II-Ti@QC28 energies.

C28 - TiaC28 II-Ti@C28
Total energy (kJ/mol) -2799001.5497 -5020547.1429 -5029554.6239
Eene,i (kJ/mol) - -776.2331 -783.7141

Table 3.2. Energy report of C28, I-Ti@QC28 and II-Ti@QC28.

The obtained Eey.; and Egpe 11 are typical of covalent bonds, indicating that a strong
chemical interaction occurs between the Ti atom and the C28 cage.

Moreover, from a comparison of the total energies, both the I-TiQC28 and II-TiQC28
are more stable compared to the isolated C28, thus the Ti has the effect of stabilizing the
fullerene cage at room temperature (300 K). In particular, the II-TiQC28 presents lower
total and encapsulation energies, being thus more stable than the I-TiQC28.
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3.6 — Electronic structure properties study of I-TiQC28 and II-Ti@C28

Figure 3.24. I-Ti@QC28 before NEB opti- Figure 3.25. II-TiQC28 before NEB op-
mization. timization.

Figure 3.26. I-Ti@QC28 after NEB opti- Figure 3.27. II-TiQC28 after NEB op-
mization. 65 timization.



Preliminary analysis

3.6.1 Mulliken population and ELF analysis results

It is known from the literature that the introduction of metal atoms into the Fullerene
cages causes an increase of the electron affinity with respect to the correspondent empty
cages.

It is possible to notice easily how the presence of the Ti atom perturbs the C28 cage.
In fact, after having analyzed the results obtained by the Mulliken elementary charge
analysis, it can be immediately noted that there is a remarkable difference in the outputs
obtained with configurations I and II with respect to the configuration with the empty
C28 cage.

a)

Elementary charge (e)

-0.038 0.09 L

Elementary charge (e) Elementary charge (e)

-0.12 0.9 1.9 — -0.12 0.9 1.9 —

Figure 3.28. a) C28 Mulliken elementary charge; b) I-Ti@QC28 Mulliken elementary
charge; c¢) II-Ti@C28 Mulliken elementary charge.
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3.6 — Electronic structure properties study of I-TiQC28 and II-Ti@C28

These analyses, shown in Figure 3.28, report the net elementary charge that on average
is present nearby atomic sites in the I-Ti@QC28 and II-Ti@QC28 cases.

A negative value indicates a gain of electrons, while a positive value a loss of electrons.
Since the Ti presents a slightly positive charge and the C28 cage a negative one, the Ti
acts as a donor of electrons and the cage as an electron acceptor.

From the Mulliken population, it is possible also to know the valence electrons distri-
bution.

Valence electrons

&
3.9 4 4

Figure 3.29. (28 valence electrons.

Visualizing the valence electrons in the Figure 3.29 it is possible to verify the lack of
four electrons in the C28 empty cage and so it behaves like a sort of hollow superatom
with an effective valence of 4.
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Preliminary analysis

When the C28 cage is filled with the Ti atom the number of C28 valence electrons
remains unchanged whilst the valence electrons of the titanium increase from 4 to 10
(Figure 3.30, 3.31).

Valence electrons J[ Valence electrons I
4 7 10 4 7 10

Figure 3.30. I-Ti@C28 valence electrons. Figure 3.31. II-Ti@QC28 valence electrons.

68



3.6 — Electronic structure properties study of I-Ti@C28 and II-Ti@C28

To understand if the additional electron states introduced by the Ti are localized or
delocalized states, the Electron Localization Function (ELF) analysis of C28, I-TiQC28,
and II-Ti@QC28 is performed and the results are shown in Figure 3.32.

a)

Electron localization

0.0023 0.0053 0.0082

Electron localization Electron localization
0.00082 0.0073 0.014 0.0013 0.016 0.03

Figure 3.32. a) C28 Electron Localization Function distribution; b) I-Ti@C28
Electron Localization Function distribution; c¢) II-Ti@QC28 Electron Localization
Function distribution.

The presence of Ti stabilizes the C28 cage both in I-Ti@QC28 and II-Ti@C28 configu-
rations by introducing extra electron states.

In particular, looking at the minimum value of the three ELF projection, it turns out
that the localization of the electrons reduces on the cage when the Ti atom is present.
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Preliminary analysis

3.7 Molecular energy spectrum

To understand the energy levels of the C28 cage empty and with the titanium atom inside,
a calculation of the MPSH states is needed.

The MPSH states are obtained by diagonalizing the molecular part of the full self-
consistent Hamiltonian.

Within the ATK environment, MPSH energies are easily computed by exploiting the
MolecularEnergySpectrum block, allowing to find the HOMO (highest occupied molecular
orbital) and LUMO (lowest unoccupied molecular orbital) levels, whereas the EigenState
block evaluates the eigenstates.

Energy - EF (eV)

-

| | | | | | |
-8 6 -4 2 0 2 4 ] 8

Energy - EF (eV)

»
>

1 1 1 1 1 1 |
-8 -6 -4 -2 o 2 4 [} 8

Energy - EF (eV)

Figure 3.33. Molecular energy spectra of the C28, I-TiQC28 and II-Ti@QC28 with a zoom
on the highest occupied molecular orbital and lowest unoccupied molecular orbital zone.

In Figure 3.33 are shown the molecular energy spectra of the C28, I-Ti@QC28, and
[I-Ti@C28 with a zoom on the highest occupied molecular orbital and lowest unoccupied
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3.7 — Molecular energy spectrum

molecular orbital zone, so it is possible to appreciate the reduction of the HLG (HOMO
LUMO Gap) when the Ti atom is in the cage.

In particular, it is needed to highlight that the HLG value of the I-Ti@C28 and the
[I-Ti@C28 is the same and the whole molecular energy spectrum seems to be very similar
in both cases.

It is possible to project in real space the eigenstates associated with the Hamiltonian
of the molecules. The Hamiltonian is the operator associated with the total energy and
using it in association with the Schédinger equation allows one to get the eigenvalues of
the molecule. In conjunction with the eigenvalues, eigenfunctions are obtained, which are
the molecular orbitals.

Projecting these onto the molecule in real space means seeing the 3D surfaces of iso-
energy like in Figure 3.34.

(= o]l el ool ey Mo el clupesiygl ety Saie il =HES| < Eigenstate (Eigenstate_2 I-min-Ti@C28homolumo.hdfs) ... [=](3](%]| @ Eigenstate (Eigenstate 2 Il-min-Ti@C28homolumo.hdfs) ... (=/(0](x]

Amplitude (A37%) Amplitude (A3?) Ampl

I |

0.00071 0.53 -0.38 0.0063 0.39 -0.0057

Amplitude (A37) np e (A37) Amplitude (A32)

-0.44 0.0023

Figure 3.34. LUMOs (top) and HOMOs (bottom) of the C28, I-Ti@C28 and II-Ti@C28
respectively from left to right.

In Figure 3.34 it is clear to see that the presence of the titanium modifies the molecular
orbitals of the C28 empty cage.

These changes in the delocalization of the electrons suggest that the transmission in
presence of electrodes will be different. In particular, the reduction of the HLG suggests
a better transmission.

Analyzing the shape of these molecular orbitals in I-Ti@QC28 and in II-TiQC28 the
HOMOs seem to be very similar whilst the LUMOs shapes of the two states seem to be
slightly different.
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Preliminary analysis

This situation is clearer by visualizing the same orbitals projecting the results of
ORC A’s analysis with the Ibo — vew viewer (Figure 3.35, 3.36, 3.37, 3.38, 3.39, 3.40).
The presence of titanium modifies both HOMO and LUMO and in particular, the orbitals
appear less jagged suggesting easier electron transport. The differences between the two
stable states are only in the LUMOs.

Figure 3.35. (€28 HOMO.

Figure 3.37. I[-Ti@C28 HOMO. Figure 3.38. I-Ti@C28 LUMO.

Figure 3.39. II-Ti@C28 HOMO. Figure 3.40. II-Ti@C28 LUMO.
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Chapter 4

The Ti@QC28 electronic device

4.1 Study of the switching capability

To investigate the possibility of deliberately switching between the two states, the behavior
of the I-Ti@C28 and II-Ti@QC28 when an external electric field is present is analyzed.

The external electric field is generated by two point charges, equal in modulus but
opposite in sign, ¢; and gs distant 100 A each other, and the Ti-C@28 has been placed
at middle distance between these latter (Figure 4.3).

q1 q>

Figure 4.1. Ti@QC28 between point charge ¢; and point charge ¢5.

The field F(z) generated at the point = by N point charges is:

1 o Q. 1 a3
— + + 3+ ...
Irzg (o1 — 2P Ameg (v —a)? 0 dmeg (w5 —a)? ¢ (4.1)
1 N

Z - 5Tk

 4meg = (x — )

where 7, is the unit vector in the direction from point xj; to point x. In the case of the

used setup:
1 Q1 R 7y . )
FE = 4.2
(z) 4meg <(J:1 — x)QTl + (xq9 — x)2r2 (4.2)

From 4.2 it is possible to change the electric field applied on the molecule by setting
opportune charge values.
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The Ti@QC28 electronic device

The approach method for the research of the electric field value which enables the
switching, because of the complete lack of knowledge, was to begin applying for 1 ps a
very intense field, 10 %7 that could very likely give rise to the switch, then halve the
value, b %, and, depending on the result, add or subtract half of the set. This operation
has been reiterated until the minimum value for the switching came out.

Figure 4.2. The two states I and II (visualized using the molecular editor Avogadro) can
switch reversibly through the external electric field.

Several challenges remain for the logic-in-memory operation in an all-electrically driven
single-molecule device at room temperature. First, at a temperature T', bistable states
of the target molecule must be separated by an energy barrier U > kgT to prevent
spontaneous and random switching between different stable states.

To achieve room-temperature operation, the energy barrier should be high enough
to prevent the spontaneous switching induced by thermal fluctuations and local heating
(such as U > kgT [6], where T is roughly 300 K and therefore kg7 is around 25 meV),
but not too high to avoid an increase of energy consumption and potential damage to the
molecular device.

For this reason, the research is performed both for an environment at 0 K and 300 K
(room temperature).

Results show that at room temperature no switch occurs as it was predictable because
the energy barrier to overcome the saddle point existing along the path of the Ti atom
found during the NEB analysis was 0.14 eV. In fact when T' = 300 K and kg = 8.617 -
1075 eV:

kpT = 0.0259 &V < 0.14 ¢V = U (4.3)



4.1 — Study of the switching capability

However, the minimum electric field value to have the switching from one state to the
other is very different at 0 K and room temperature.

Mimum electric field
for switching (-%)

0K 300 K
[-Ti@C28 — II-Ti@C28 | 3.75 £ 1.25 1.6875 £ 0.0625
[I-Ti@C28 — [-Ti@QC28 | 3.75 + 1.25  1.9375+ 0.0625

Table 4.1.

Mimum electric fields for switching.

In particular, a less intense electric field is needed to switch state at room temperature:

Thermal
fluctuation
kBAT
State | State Il
> >
) a0
— —
] 9]
c c
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Figure 4.3.
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Energy level diagram of bistability without external electric fields (left) and

energy level diagram of bistability under electric fields (right).

States I and II are separated by an energy barrier U. The vibration excitation comes
from the thermal fluctuation of roughly kAT in the environment, which is lower than the
energy barrier. The energy levels shift in opposite directions due to coupling between the
state and the electric field applied and since during operation joule heat (roughly kg AT)

exists is easier to reach the switching [26].
An electric field smaller than 2 -~ to switch the EMF state means that if Ti@C28 is

nm
between two electrodes distant from eac

h other 1 nm and supposing ideal coupling, just

2V, when applied for 1ps, are needed to change intentionally the position of the Ti atom

encapsulated inside the C28 cage.
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The Ti@QC28 electronic device

4.2 Study of the Ti@QC28 adsorption onto gold sub-
strate

Before analyzing the Single Molecule Device (SMD), it is necessary to study how the
Ti@QC28 molecule and a metal structure can interact.

In order to discover the most stable adsorption configurations of the TiQC28 onto the
gold substrate, a set of relaxations of many geometries per fullerene consisting of different
orientations of the fullerenes themselves with respect to the gold substrate is performed.

The relaxation calculations are done through QuantumATK employing the DFT with
GGA, Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional, Double-(-Polarized
(DZP) basis set, and vdW DFT-D3 correction. In all cases the LBFGS algorithm for the
energy minimization until the force on each atom becomes smaller than 0.05 eV/A is
used. To reduce the computational time required, the whole electrode is accounted by
enforcing fixed atom boundary conditions in the Au layers (Figure 4.4).

(

a3

Figure 4.4. Structure used for the analysis.
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4.2 — Study of the TiQC28 adsorption onto gold substrate

4.2.1 Distance analysis

In order to find the distance between the TiQC28 and the gold electrode for which the
energy of the system is minimal, meaning the adsorption is most likely to happen, a set
of optimizations with an initial distance between the two objects are performed (Figure

|
1 o
g%

C

Figure 4.5. Overlay of the frames originating by geometry optimization.

The initial distance is made to vary in the range [1.8;3.0] A (Figure 4.6) with steps of
0.2 A and the final distance measured from the carbon atom nearest to the gold layer and
the gold layer is in all cases almost 2.6 A (Figure 4.7).

Figure 4.7. Distance measured after the
Figure 4.6. Minimal measured initial distance. relaxation.
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The Ti@QC28 electronic device

4.2.2 Angle analysis

Subsequently, the relaxation of five geometries for both I-TiQC28 and II-Ti@QC28 is per-
formed. These five geometries consist of different orientations of the fullerenes with respect
to the gold substrate. The firsts configuration to relax are the ones with the Ti atom as
close as possible to the gold and the others are obtained from these ones by rotating each
fullerene of +45°, 4+90°, +135° and +180° with the negative z axis as rotation axis (en-
tering in the page of Figure 4.8). Thanks to the fullerene symmetry, these five cases cover
the main deposition configurations for the I-TiQC28 (Figure 4.8, 4.9, 4.10, 4.11, 4.12) and
II-Ti@C28 (Figure 4.13, 4.14, 4.15, 4.16, 4.17) onto the gold substrate.

Figure 4.8. 1-Ti@C28 (0°). Figure 4.9. I-Ti@C28 (45°).
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4.2 — Study of the TiQC28 adsorption onto gold substrate

Figure 4.10. I-Ti@C28 (90°). Figure 4.11. I-TiQC28 (135°).

Figure 4.12. I-Ti@C28 (180°). Figure 4.13. II-Ti@C28 (0°).
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The Ti@QC28 electronic device

-
Figure 4.14. II-Ti@QC28 (45°). Figure 4.15. II-Ti@C28 (90°).
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Figure 4.16. II-Ti@QC28 (135°). Figure 4.17. II-Ti@QC28 (180°).
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4.2 — Study of the TiQC28 adsorption onto gold substrate

After the relaxation all the main adsorption configurations for the I-TiQ@C28 (Figure
4.18, 4.19, 4.20, 4.21, 4.22) and II-TiQC28 (Figure 4.23, 4.24, 4.25, 4.26, 4.27) onto the
gold substrate came out.

¢ ¢
¢ ¢
¢ ¢
‘V ‘-./
¢ |- < |
Figure 4.18. I-Ti@C28 (0° relaxed). Figure 4.19. I-TiQC28 (45° relaxed).
¢ ¢
¢ ¢
"‘" ‘-/
(W ¢
¢ ¢
P S | P -
Figure 4.20. I-Ti@C28 (90° relaxed). Figure 4.21. I-Ti@C28 (135° relaxed).
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The Ti@QC28 electronic device

Figure 4.22. I-Ti@QC28 (180° relaxed). Figure 4.23. II-TiQC28 (0° relaxed).

Figure 4.24. II-TiQC28 (45° relaxed). Figure 4.25. II-Ti@QC28 (90° relaxed).
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4.2 — Study of the TiQC28 adsorption onto gold substrate

| |
C C
Figure 4.26. II-TiQC28 (135° relaxed). Figure 4.27. II-Ti@QC28 (180° relaxed).
4.2.3 Adsorption results
The adsorption energy of each relaxed geometries is calculated from its definition:
Eads = Emal/Au - (E’mol + EAu) . (44)

where the pedix mol indicates the adsorbed fullerenes, and Au indicates the adsorbent
electrode.

To calculate F,,4/4, is used the Counter-Poise (CP) correction for reducing the Basis
Set Superposition Error (BSSE).

The more negative the E,45, the more stable the system is.

If the E,4s is positive then the absorption does not occur.

E,4s (kJ/mol)
Ti axis inclination I-Ti@QC28 II-Ti@QC28

0° -354.723 -403.420
45° -309.067  -417.176
90° -375.922 -423.258
135° -366.638 -344.113
180° -354.991 -401.927

Table 4.2.  Adsorption energies of the considered fullerenes.

The geometries showing the lowest adsorption energies, so the two cases in which the
adsorption onto the gold substrate most likely occurs, are the ones with an inclination of
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The Ti@QC28 electronic device

90° (Figure 4.20 and 4.25), i.e. the cases where the Ti atom is at middle distance between
the minimal and maximal and from gold.

These latter (Figure 4.28 and Figure 4.29), as they are the most stable since they have
lower energy, are the two geometries that have been chosen and are subsequently put in
contact with the STM (Scanning Tunneling Microscope) gold tip (Figure 4.30) to build
the STM-BJs (Scanning Tunneling Microscope Break Junction).

Fid i Fd & Fi

F i 1 A F P F
: \-‘ A _ i .f'r -
bl
7 : Fi J _ 7
.-"Jr _f"r ; ,r"':- ! _r"r.- : .rf:' ! ) & 'rj
Fi Fi F/ P i _,r'r- Fi
3 g Fid £ P i 3
A vy & A 4 v V)
L= M b = h - b L= b=

Figure 4.28. The adsorbed configuration chosen for I-TiQC28.

Figure 4.29. The adsorbed configuration chosen for II-TiQC28.
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4.2 — Study of the TiQC28 adsorption onto gold substrate

In 2003, Xu and Tao [38] demonstrated the STM break junction method which for
the first time enabled repeatable formation of metal-molecule-metal junctions in a very
reliable fashion. In this method, a metal STM tip, the movement of which is precisely
controlled by a piezoelectric transducer, is repeatedly driven in and out of contact with
the substrate electrode adsorbed with sample molecules. The molecules have chance to
form metal-molecule-metal junctions by bridging both the tip and the substrate electrodes
when the tip is brought close enough to the substrate.

Figure 4.30. The STM gold tip.
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The Ti@QC28 electronic device

4.3 TiQC28 electronic transport study

Finally, the transport of the resulting two STM-BJs self-consistently with the system
electrostatics is calculated. The system electrostatics is modeled by solving the Poisson’s
equation using the conjugate gradient method and with periodic boundary conditions in
the transverse directions to account for the electrode periodicity, while Dirichlet’s bound-
ary conditions are enforced in the transport direction. The DFT with GGA, PBE, DZP,
and vdW DFT-D3 are used coupled with the Non-Equilibrium Green’s Function (NEGF)
formalism for the transport calculations. Thanks to the strong Au-C chemical bonds it
is considered coherent resonant tunneling regime, and the drain-source current Ipg is
computed with the Landauer’s formula:

+o00
I =2 [ (B Vos)s(B) - fo(B)IE (4.5)

where e is the electron charge, h is the Plank constant, F is the electron energy, Vpg
the applied voltage, fs and fp are the S and D Fermi-Dirac’s distributions, respectively.
T(E,Vpg) is the transmission function representing the electron transmission probability
of the device; it is function of both the electron energy F and the applied voltage Vpg.
Within the NEGF formalism the transmission function is calculated as [11]:

T(E,Vps) = Tr[TsGT pGT] (4.6)
Ps.p = i[Ss,p(E) — 5§ p(E)] (4.7)
G =B+t —%(E) (4.8)

where 7 is the imaginary unit, T'r is the trace operator, T indicates the complex conju-
gate and transposed, 7 is a positive infinitesimal, H is the device (fullerene) Hamiltonian
operator, G is the device Green’s function, representing the quantum mechanical system
impulse response, Xg p are the S and D contact self-energies and X is their sum, represent-
ing the effect of contacts on the isolated device, I's p are the S and D contact broadening
functions, representing the electron state mixing between the device and contacts.

In all the performed simulations the room temperature environment is considered at
300 K, the considered energy range is [-2; 2] eV and the Vpg is varied in the interval [0,
2.4] V with steps of 0.15 V.
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4.3 — Ti@QC28 electronic transport study

4.3.1 I-Ti@C28

Once the two TiQC28 geometries are fixed the two STM-BJ devices are ready.

The STM-BJ geometry for the I-TiQC28 transport calculations is reported in Figure
4.31.

Figure 4.31. I-Ti@QC28 STM-BJ.

Below are the results obtained from the transport analysis.

DDOS

Figure 4.32 reports the equilibrium Projected Density Of States (PDOS) -projected onto
the fullerene I-Ti@QC28 and the Ti atom together with the equilibrium Transmission Spec-
tra T'(E, Vps = 0) of the STM-BJ.

The vertical lines are the isolated fullerene energy levels.

The main effect of creating a metal-molecule-metal junction is the shift in energy
(Hermitian part of X) and the broadening of the energy levels (anti-Hermitian part of X))
of the isolated molecule [11].

This effect is noticeable when comparing the energy levels of the isolated fullerene
with the PDOS peaks. Furthermore, the broadening of the PDOS is known to be inversely
proportional to the amount of time (escaping time) required on average to move an electron
from the contacts to the molecule and vice versa, through a time-energy uncertainty-like
relation.
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The Ti@QC28 electronic device
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Figure 4.32. Equilibrium PDOS (black: projection onto the C28 cage, light gray:
projection onto the Ti atom) and equilibrium transmission spectra T'(E, Vpg = 0)
(red) of the I-Ti@C28 STM-BJ.

Recalling the time-energy uncertainty relation AtAE ~ h, wide broadening implies
short escaping times and thus a large contact-molecule delocalization that permits elec-
trons to easily move from/to contact to/from the molecule. The presence of the Ti influ-
ences the fullerene PDOS (black curves) by adding a significant amount of electron states
in fact almost half of the final PDOS is derived from Ti states (light gray curves) except
in the case of the HOMO and the LUMO where instead the contribution is only given by
the cage.

Such extra electron states are mainly localized states in I-TiQC28 as they show a small
broadening of the PDOS peaks except again in the case of the HOMO and the LUMO
that show a noticeable broadening.

88



4.3 — Ti@QC28 electronic transport study

Transmission

The localized states give a significant contribution to conduction especially for values of
Vps higher than 1.5 V where there is the inclusion of the LUMO peak in the bias window
which has very high values of transmissivity:

TS(E,V

ps)

-2 -1 0 1 2
Energy - EF (eV)

Figure 4.33. T(FE,Vpg) contour diagram for the I-TiQ@C28 STM-BJ.

It is also possible to notice that there are no big changes in the transmission spectrum
out of equilibrium condition especially in correspondence of energy levels of unoccupied
molecular orbitals.
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The Ti@QC28 electronic device

The localized states do not significantly contribute to conduction for Vpg lower than 1.5
V in fact is possible to notice that, even if their high values, the peaks in the equilibrium
Transmission Spectra T'(E, Vps = 0) (red line in Figure 4.32) are quite narrow and the
average value of the transmission, especially between the HOMO and the LUMO energy
levels, is very low.
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Figure 4.34. Detail of the T'(F,Vpg) contour diagram for the I-Ti@C28 STM-BJ.

From the T'(FE,Vpg) contour diagram of the I-Ti@C28 STM-BJ in Figure 4.34 it is
evident that the transmission peaks remain narrow and the transmission values in the S
and D Fermi levels (the white lines) are always below 0.15.
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4.3 — Ti@QC28 electronic transport study

IV curve

The current-voltage characteristics of the I-TiQC28 STM-BJ is shown in Figure 4.35:
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Figure 4.35. Current-voltage characteristics of the I-TiQC28 STM-BJ.

It is obvious the contribution of the very narrow and high peak in tranmsission linked
to the LUMO for Vpg higher than 1.5 V. In fact the characteristic increases very fast its
steepness until 2 V, when the LUMO peak is totally included in the bias window as it is
possible to see in Figure 4.33.
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The Ti@QC28 electronic device

The fact that for a bias voltage Vpg of 1.5 V there are not transmission peaks entering
between the values of the S and the D Fermi energy levels and the fact that between
these two energy levels the transmissivity value is more or less constant for all the bias
voltage Vpg applied justify the almost linearity of the current-voltage characteristics of
the I-Ti@C28 STM-BJ in Figure 4.36.
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Figure 4.36. Detail of the current-voltage characteristics of the I-Ti@C28 STM-BJ.
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4.3 — Ti@QC28 electronic transport study

4.3.2 II-Ti@C28

The STM-BJ geometry for the II-TiQC28 transport calculations is reported in Figure
4.37.

Figure 4.37. II-TiQ@C28 STM-BJ.

DDOS

Figure 4.38 reports the equilibrium Projected Density Of States (PDOS) -projected onto
the fullerene II-TiQC28 and the Ti atom together with the equilibrium Transmission
Spectra T(E,Vps = 0) of the STM-BJ.
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Figure 4.38. Equilibrium DDOS (black: projection onto the C28 cage, light gray: pro-
jection onto the Ti atom) and equilibrium transmission spectra T(E,Vpg = 0) (red) of
the II-Ti@C28 STM-BJ. The vertical lines are the isolated fullerene energy levels.
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The Ti@QC28 electronic device

As in the I-Ti@QC28 case, the shift in energy (Hermitian part of 3) and the broadening
of the energy levels (anti-Hermitian part of X) of the isolated molecule is noticeable.

In this case, the PDOS peaks are less broadened than in the I-Ti@C28 STM-BJ i.e.
the extra electron states are mainly localized states in the fullerene II-Ti@QC28 and at the
equilibrium the transmission spectrum exhibits a suppression on HOMO energy level.

Transmission

At the equilibrium, the transmissivity exhibits a quite narrow peak on the LUMO energy
level and it is suppressed on the HOMO energy level, in fact the values near it are lower
than the ones in the HLG (Figure 4.38).

The situation is different in non-equilibrium condition for the transmission for the

HOMO peak.
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Figure 4.39. T(FE,Vpg) contour diagram for the II-Ti@C28 STM-B.J.

In Figure 4.39 it is possible to see how the peak of transmission on HOMO energy level
becomes higher with the increase of the bias voltage Vpg.
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4.3 — Ti@QC28 electronic transport study

This effect is very pronounced in the range 0-1.5 V:
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Figure 4.40. Detail of the T'(E, Vpg) contour diagram for the II-Ti@C28 STM-BJ.

The rest of the transmission spectrum is more or less unchanged in all the Vpg range
like in the I-Ti@C28 STM-BJ case.
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The Ti@QC28 electronic device

IV curve

In the current-voltage characteristics of the I[I-Ti@C28 STM-BJ it is again clear the trans-
port contribution belonging from the LUMO which is included in the window opened by
S and D Fermi levels for values of Vpg bigger than 1.5 V.
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Figure 4.41. Current-voltage characteristics of the II-Ti@C28 STM-BJ.

The calculated values of current when a bias voltage of Vps = 1.8 V and Vpg =2.1V
are absent because during the computing, after 100 iterations, the band energy absolute
difference (dE) and the maximum norm of Hamiltonian difference (dH) did not reach the
tolerance of 10~* hartree (Ha).
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4.3 — Ti@QC28 electronic transport study

Also in the case of the I[I-Ti@C28 STM-BJ, the current-voltage characteristics is almost
linear (Figure 4.42) due to the almost linear T'(E, Vpg) between the S and D Fermi levels
for values of Vpg applied in the range 0-1.5 V.

lhs(Vps)
20 ~ ost'ps) >

¢ calculated value
25 - —spline interpolation

20 - 1

<
— 15
%)

=

10

5_ 4

0 | '
0 0.5 1 1.5
Vg (V)

Figure 4.42. Current-voltage characteristics of the II-TiQ@C28 STM-BJ.
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The Ti@QC28 electronic device

4.4 Electronic transport comparison between I-Ti@C28
and II-Ti@QC28

The results described in previous sections about the two single molecule devices analysis
(Figure 4.43 and Figure 4.44) show they are very different.

Figure 4.43. I-Ti@QC28 STM-BJ. Figure 4.44. TII-Ti@QC28 STM-BJ.

In following sections are pointed out all the differences between them.
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4.4 — Electronic transport comparison between I-Ti@C28 and II-TiQC28

4.4.1 DDOS

The main differences between the two Device Density Of States (Figure 4.45) is that
the I-Ti@QC28 STM-BJ’s one is more shifted and the peaks are more broadened than the
[I-Ti@C28 STM-BJ’s one.

35

— |- Ti@C28
—I-Ti@C28 :

30

N
(&)
T
I

N
o
T

N
(€2}
T

DOS (1/eV)

—_
o
T

(&}
T

-2 -1 0 1 2
Energy—EF (eV)

Figure 4.45. Overlay of the two DDOSs.

This is caused by a stronger influence of the electrode considering the different way
in the adsorption onto the gold. However, not considering the shifting, there is a good
correspondence of the peaks with energy levels.
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The Ti@QC28 electronic device

4.4.2 Transmission spectrum

Overlaying the transmission spectra of the two SMT-BJs (Figure 4.46) it is easy to notice
that there are two main differences.
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Figure 4.46. Overlay of the two transmission spectra.

The first is that the value of transmissivity away from peaks is higher for the II-TiQC28
STM-BJ with respect to the [-TiQC28 STM-BJ one. This may be related to the fact that,
as seen by ELF, electrons are more localized on the carbon atoms of the cage in state II
than in state I. The second is that, even if the peaks are in correspondence with almost
the same energy values, there is no HOMO peak for the II-Ti@C28 STM-BJ.

This suggests a remarkable difference in the current that can flow through the two
states of the Ti@C28, but it is necessary to focus on the transmission spectra in the bias
window considered.
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4.4 — Electronic transport comparison between I-Ti@C28 and II-Ti@QC28

Mindful of the possible modifications in the molecule geometries under high electric
field, the values of the electric field found in 4.1, that cause a state switch, for a high
switching speed on lines and to be consistent with voltages used today for embedded
applications, an eligible working value of Vpg could be around 1.2-1.5 V.

A zoom on the interesting zone of the spectra is shown in Figure 4.47.
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Figure 4.47. Overlay of the two transmission spectra in the analyzed bias window.

It is possible to consider the both spectra in equilibrium conditions since, in this little
window of Vpg, there are no significant variations in these as the two T'(E, Vpg) contour
diagram suggest.

The two dashed lines represent the maximum bias window and the transmission spec-
trum of the II-Ti@C28 STM-BJ has higher values with respect to the I-Ti@C28 STM-BJ’s
ones for all the considered energy values.

The transmission value for the I-TiQC28 STM-BJ is constant until the bias voltage
applied exceeds 1 V when a great contribution is given by the LUMO. For small bias
windows the transmission value is almost constant also for the II-TiQC28 STM-BJ but
higher comparing it when the other case is considered. A bigger contribution is given in
this case from LUMO due to the greater broadening. At the same time the suppression
of the HOMO peaks pulls down the transmissivity.
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The Ti@QC28 electronic device

4.4.3 Current

In Figure 4.48 are represented the current-voltage characteristics of the two STM-BJs and
comparing the two curves it is easy see that the current values are very different between
them.
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Figure 4.48. Current-voltage characteristics of the I-Ti@QC28 STM-BJ and current-volt-
age characteristics of the II-Ti@QC28 STM-BJ.

Both current-voltage characteristics seems to follow very similar behaviors. It was
predictible looking at transmission spectra between the S and D Fermi levels that are
very linear in the HLG and present the entering of the LUMO peak when 1.5 V are
applied. The stronger current flowing in II-Ti@QC28 is the result of the bigger average
transmission value.
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4.4 — Electronic transport comparison between I-Ti@C28 and II-Ti@QC28

Reminding that 1.5 V should be the maximum value of Vpg to apply to have a properly
working device, a detail of the current-voltage characteristics is reported in Figure 4.49:
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Figure 4.49. Detail of current-voltage characteristics of the I-Ti@C28 STM-BJ and
current-voltage characteristics of the II-TiQC28 STM-BJ.

A robust difference in current is present also considering this smaller value of bias
voltage and this is very promising for the functioning of the final device.

103



The Ti@QC28 electronic device

The current difference between the I-TiQC28 and II-TiQC28 states is quantified through
the following relation:

Alpg = |Ips,r—riacs — Ipsir-Tiacas| - (4.9)

A plot of this current difference is shown in Figure 4.50.
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Figure 4.50. Alpg between the I-Ti@C28 STM-BJ and the II-Ti@QC28 STM-BJ.

From this plot, the Alpg linearity turns out, especially for values of Vpg below 1.2V,
and it reaches a maximum value of almost 14 pA.

In order to give an idea of how much the current of one STM-BJ is bigger or smaller
than the other, the percentage current difference is provided.
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4.4 — Electronic transport comparison between I-Ti@C28 and II-Ti@QC28

The percentage current difference is computed through the following relation:

Ips,i-Tiac2s — Ips,i1-Tiac2s
Alps% =
Ips—Tiacas

(4.10)

The plot of this quantity is shown in Figure 4.51 underlines that the value of the II-
TiQC28 STM-BJ’s Ipg is twice the I-Ti@QC28 STM-BJ’s one for almost the whole bias
voltage range applied.
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Figure 4.51. AIps% between the I-Ti@C28 STM-BJ and the II-TiQC28 STM-BJ.

Therefore a current difference in the order of pA is sufficient to distinguish the currents
of the two states.

A constant current percentage difference is a great advantage in terms of using the
final device in integrated circuits, having the ability to continue to distinguish the two
states even in the presence of Vg variations.
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The Ti@QC28 electronic device

4.5 Comparison with Cr@QC28

In [35] is reported an investigation through ab initio calculation of the endohedral monomet-
allofullerene Cr@QC28 as a candidate for data storage applications.

Figure 4.52. I-Cr@Q(C28. Figure 4.53. II-Cr@QC28.

The paper reports a study of the encapsulation energy and the electronic properties
of two stable states of the Cr@C28 - namely I-Cr@C28 (Figure4.52) and II-Cr@C28 (Fig-
ure4.53), the adsorption of I-Cr@C28 and II-Cr@C28 onto a gold substrate and an analysis
of the transport characteristics for the most probable adsorption configurations by emu-
lating the same Scanning Tunneling Microscope (STM) break-junction experimental setup
used for TiQC28.

It is found a significant and measurable current difference between the two stable states
enabling the potential binary encoding of the information but with substantial differences
with respect to TiQC28.

The first difference is in the values of the encapsulation energy, that as in the case of
the Ti@C28 (Equation 3.3), for Cr@C28 is defined as:

Eenci = Ei_cracos — (Ecas + Ecr) . (4.11)

It is noticeable that the two Ti@QC28 fullerenes show greater encapsulation energy, and
therefore higher stability in being synthesized.

Eene (kJ/mol)

[-Ti@C28 -776.23
[I-Ti@C28 -783.71
I-Cr@C28 -460.24
[I-Cr@(C28 -461.85

Table 4.3. Encapsulation energy of I-Ti@QC28, II-Ti@C28, I-Cr@QC28 and II-Cr@QC28.
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4.5 — Comparison with Cr@C28

There are also noticeable differences in electronic properties. Both Ti and Cr atoms
stabilize the C28 cage looking at the Mulliken Population analysis, keeping constant to 4
the valence electrons for C atoms (Figure 4.54 and Figure 4.55), but the Cr shows just
5.4 valence electrons versus the 10 ones of the Ti.

Valence electrons [ Valence electrons I
4 4.7 5.4

4 a7 5.4

Figure 4.54. I-Cr@QC28 valence electrons. Figure 4.55. II-Cr@C28 valence electrons.

As opposed to Ti, the presence of the Cr atom introduces extra electron states localized
in C atoms of the cage as it is possible to see in Figure 4.56 and Figure 4.57:
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Figure 4.56. I-Cr@(C28 ELF. Figure 4.57. 1-Cr@Q(C28 ELF.
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The Ti@QC28 electronic device

All these differences lead to very different transmission spectra for the two Cr@QC28s
(Figure 4.58) in which the transmission peaks differ from the Ti@QC28 fullerenes’ ones in
values, in position with respect to energy levels, and also in dependency to the voltage
bias Vpg applied to the STM-BJ.
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Figure 4.58. T(E,Vpg) contour diagram for the I-Cr@C28 STM-BJ (left), T(E, Vps)
contour diagram for the II-Cr@C28 STM-BJ (right).

[-Cr@C28 show a very small trasmittivity, in fact in Figure 4.59 it is possible to notice
that the current of its STM-BJ is the smallest with respect to all the other.

In addition the currents of the II-TiQC28 and II-Cr@QC28 STM-BJs have very similar
values for bias voltage Vpg applied between 0 V and 1.2 V.
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Figure 4.59. Ipg of all the STM-BJs.
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4.5 — Comparison with Cr@C28

Because of the small current of the I-Cr@C28 STM-BJ, a device using Cr@C28 is able
to exhibit a current difference Alpg of almost 20 pA:
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Figure 4.60. Alpg of the TiQC28 device and the Cr@QC28 device.

Both the EMFs generate a robust difference in current when they are in different states
and therefore promise a single-molecule data storage element behavior.

In particular Ti@QC28, due to its higher encapsulation energy (probably linked to the
lower electronegativity of the titanium with respect to chromium), can be much more
easily synthesized and this makes it preferable from a production and technological point
of view.
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Chapter 5

Conclusions and future
perspectives

5.1 Summary

Analyses of the total energy of multiple fullerenes containing atoms of different elements
have shown that TiQC28 is one of the most stable EMFs. In addition, the search for
two energy minimums in the position of the titanium atom inside the cage led to the
identification of two stable states of the EMF. The minimum energy path between these
two states is discovered along with the ability to switch from one state to other using an
external electric field. The current that can between the two states of Ti @C28 when in
contact with two electrodes is very different, creating a difference of several pA and in
the range 0-1.5 V the percentage current difference is almost constant, characterizing the
device with great robustness.

5.2 Application

The results remark that the two positions of the Ti atom in the same C28 cage lead to
two very different situations.

The current values measured through simulated STM-BJ experimental setup, both
when Ti@QC28 is in the I and II state, can be very easily distinguished. Therefore it is
very simple to recognize in which of the two states is the EMF. In this sense it is possible
to detect two different logic states, making possible a robust memory reading operation.

Moreover, the possibility to move the Ti atom encapsulated in the C28 cage from state
I to state II and vice versa exploiting an external electric field enables the choice of which
current value to measure. This would permit, through a possible application of a gate
voltage, the endohedral fullerene switching between the two stable states and permitting
a writing operation of the memory cell.
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Conclusions and future perspectives

READ A LOGIC1

WRITE A LOGICO

READ A LOGICO

WRITE A LOGIC 1

READ ALOGIC 1

Figure 5.1. Ti@QC28 based memory read/write cycle.

Since both the writing and the reading operation are allowed, a memory cell based on
the Ti@QC28 could be produced and work properly as shown in Figure 5.1.
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5.3 — Future works

5.3 Future works

To ensure a correct memory behavior of an SMD based on Ti@QC28, possible other stable
states of the EMF have to be investigated, which according to [23] are two.

This could lead to situations in which the device would not be able to work prop-
erly or the device could work differently, perhaps it could have the ability to manage
logic-in-memory operations at room temperature, a very important feature for further
miniaturization of electronic devices made for in-memory and neuromorphic computing
and optimization of their power efficiency [24][40][39].

Once ensured the correct memory behavior, the next step should be to investigate if the
reading operation could damage the information by changing the state of the molecule
through performing Molecular Dynamics (MD) simulations. Then, the read and write
times of the device could be investigated, thus discovering the working speed of the mem-
ory system. Another parameter to take into account is the time for which the device can
maintain the state unchanged and therefore the stored information. The behavior of the
device should then be observed by simulating it at the circuital /system level.

As for [26] and [41] STM-BJ experiments could be performed using TiQC28 effectively
verifying theoretical calculations and simulations, and the correct functioning of the mem-
ory device. After doing that successfully you could test the device through integration
on-chip experiments.

Another possible idea could be to choose a different element atom maintaining the
same cage, mindful of the rules reported in 2.7.1, or to explore the way of encapsulating
a cluster.
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Appendix A

I NEB tool in Quantum ATK

After the NEB job performed in ORCA, a NEB job is performed also in Quantum ATK
in order to have also graphical feedback of the titanium motion in the C28 cage.
In fact ATK provides a NEB tool which allows to:

e Set up the wanted path;

Edit the obtained images both individually or collectively;

o Perform a preliminary optimized NEB path with the use of Image Dependent Pair
Potentials (IDPP);

o Select the wanted algorithm for the interpolation.

The results obtained from the NEB analysis in ATK, however, are very different from
those obtained in ORCA, most likely because the functional B3LYP is very different from
the PBE functional used in ATK and is not suitable for studying the NEB of the molecule.

In fact the energy barrier calculated between the initial (Figure A.1) and the final
image (Figure A.2) is of 3.81 eV
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Figure A.1. ATK NEB analyzer-initial state
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Figure A.2. ATK NEB analyzer-final state

ATK provides also an optimized version of the NEB and in this case the energy barrier

decreases to 2.12 eV but always remaining an order of magnitude greater than the one
found in ORCA and in literature:
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Figure A.3. ATK NEB analyzer-optimized path
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II — ORCA’s script used for the research of the switching electric field value

II ORCA’s script used for the research of the switch-
ing electric field value

I1.1  Script used for I to II switch

! MD B3LYP D3 def2—SVP RIJCOSX
Y%pal
nprocs 9
end
%pointcharges "pointcharges.pc'
%oscf
SCFMode Direct
MaxIter 500
end
Yand
constraint add center 0..28
timestep 1.0 _fs
initvel 300 K
thermostat berendsen 300 K timecon 10.0 fs
dump position stride 1 filename "trajectory.xyz'

run 1000
end
xxyz 0 1
C —0.651943000732 2.092319257083 —1.033111012823
C —1.839143918473 0.946954421954 1.297224272644
C —0.725418829148 1.833208802365 1.407348991184
C —0.128625146199 2.424474846293 0.253073931881
C 0.437510213361 1.620271613556 —1.876918975601
C 1.293879090205 1.994744555763 0.250197223261
C 1.587664531281 1.454790591438 —1.038217780596
C 0.314544756402 1.187081494236 2.195744279297
C 0.067213707012 0.324371002706 —2.366649708491
C —1.291860139556 0.073383654888 —2.01135359643
C —1.625278501923 —1.137267583779 —1.333739482797
C 1.109982755044 —0.62580621449 —2.02878790465
C 0.778327529254 —1.873735567121 —1.377306210091
C —0.595917024395 —2.098746483642 —0.987066662365
C 2.085569071977 0.098290507871 —1.176185984209
C —1.695369573231 —1.381548612194 0.965754197574
C —2.379343488056 —0.81296293293 —0.158097426239
C —1.409939586354 —0.341667385906 1.90078410731
C —0.640234052879 —2.255638893004 0.48781562575
C —2.33880156645 0.635103831636 —0.003443881272
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—1.764743013197 1.209851855893 —1.177467050663
0.707452357791 —2.127599123894 0.998366910822
1.592120514916 —1.954721657176 —0.159280963436
1.514220636602 1.194101380269 1.411249664991
2.012527090332 —0.16430763773 1.293476220688
2.351322354531 —0.708669851535 —0.004406266343
0.992454677326 —1.04545648786 1.916012113614

—0.075681681518 —0.179980011472 2.38121489378

i 0.317510236077 —0.380839373217 —0.026229526789
end

HOQOOoaoaoaoaao

I1.2 Script used for II to I switch

! MD B3LYP D3 def2—SVP RIJCOSX
Y%pal
nprocs 9
end
%pointcharges "pointcharges.pc'
%oscf
SCFMode Direct
MaxIter 500
end
Yamd
constraint add center 0..28
timestep 1.0_ fs
initvel 300 K
thermostat berendsen 300 K timecon 10.0 fs
dump position stride 1 filename "trajectory.xyz'
run 1000

end

xxyz 0 1

C —1.529383e+00 1.515219e+00 —1.039232e+00
C —2.019023e+00 —8.672001e—02 1.291821e+00
C —1.468160e+00 1.251695e4+00 1.410845e+00
C —1.215727e+00 2.043439e+00 2.497561e—01
C —3.725132e¢—01 1.635702e4+00 —1.876211e+400
C 2.222201e—01 2.417427e4+00 2.539169e—01
C 7.337460e—01 2.065680e+00 —1.031960e+00
C —2.702651e—01 1.197824e400 2.195789e+00
C —5.212893e—02 3.264592e—01 —2.366526e+00
C —1.132092e+00 —5.823003e—01 —2.030620e+00
C —8.490268e—01 —1.842097e4+00 —1.378544e+00
C 1.296190e+00 2.348211e—02 —2.010368e+00
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II — ORCA’s script used for the research of the switching electric field value

C 1.582342e¢400 —1.199306e+4+00 —1.332519e+400
C 5.152421e—01 —2.119192e+00 —9.869152e—01
C 1.811690e4+00 1.140732e+400 —1.175548e+00
C —7.898902e—01 —2.098216e+00 9.969099e—01
C —1.666895e+00 —1.891877e+00 —1.613094e—01
C —1.033889e+00 —1.006630e+00 1.914956e4-00
C 5.521323e—01 —2.277777e+00 4.878479e—01
C —2.378505e4+00 —6.176949e—01 —6.695047e—03
C —2.080196e+00 1.788696e—01 —1.178610e+-00
C 1.640426e4+00 —1.446440e400 9.670892e¢—01
C 2.347319e+00 —9.048668¢—01 —1.561679e¢—01
C 7.949445e—01 1.803514e+4+00 1.408832e400
C 1.873651e4+00 8.747885e—01 1.299232e+00
C 2.362333e+00 5.439643e—01 —1.044312e—03
C 1.394398e+400 —3.966792e—01 1.902327e-+00
C 6.685359e—02 —1.837455e—01 2.381179e4-00
Ti —3.357944e—01 —3.652518e—01 —2.823232e—02

I1.3 "pointcharges.pc" file

The "pointcharges.pc' file is an extension of the coordinates section in the input file where
the first element of each line in the charge value of the pointcharge normalized for the
elementary charge followed by spatial coordinates in A:

2
15.19134689 —50 0.0000000000 0.0000000000
—15.19134689 50 —0.0000000000 —0.0000000000
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