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Abstract

This thesis is dedicated to the application of a large-scale first-principles approach to
study the electronic structure and quantum conductance of realistic nanomaterials.
Three systems are studied using Landauer formalism, Green’s function technique and
maximally localized Wannier functions. The main focus of this thesis lies on clari-
fying the effect of chemical modifications on electron transport at the nanoscale, as
well as on predicting and designing new type of molecular and nanoelectronic devices.

In the first study, we suggest and investigate a quantum interference effect in the
porphyrin family molecules. We show that the transmission through a porphyrin
molecule at or near the Fermi level varies by orders of magnitude following hydrogen
tautomerization. The switching behavior identified in porphyrins implies new appli-
cation directions in single molecular devices and molecular-size memory elements.

Moving on from single molecules to a larger scale, we study the effect of chemical
functionalizations to the transport properties of carbon nanotubes. We propose sev-
eral covalent functionalization schemes for carbon nanotubes which display switchable
on/off conductance in metallic tubes. The switching action is achieved by reversible
control of bond-cleavage chemistry in [14+2] cycloadditions, via the sp® = sp? rehy-
bridization it induces; this leads to remarkable changes of conductance even at very
low degrees of functionalization. Several strategies for real-time control on the con-
ductance of carbon nanotubes are then proposed. Such designer functional groups
would allow for the first time direct control of the electrical properties of metallic
carbon nanotubes, with extensive applications in nanoscale devices.

In the last part of the thesis we address the issue of low electrical conductivity
observed in carbon nanotube networks. We characterize intertube tunneling between
carbon nanotube junctions with or without a covalent linker, and explore the possi-
bility of improving intertube coupling and enhance electrical tunneling by transition
metal adsorptions on CNT surfaces. The strong hybridization between transition
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metal d orbitals with the CNT 7 orbitals serves as an excellent electrical bridge for
a broken carbon nanotube junction. The binding and coupling between a transition
metal atom and sandwiching nanotubes can be even stronger in case of nitrogen-
doped carbon nanotubes. Our studies suggest a more effective strategy than the
current cross-linking methods used in carbon nanotube networks.

Thesis Supervisor: Nicola Marzari
Title: Associate Professor of Materials Science and Engineering
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Chapter 1

Introduction

Molecular electronics is an emerging field of research aiming at replacing tradi-
tional semiconductor circuitry with individual molecules, which are hundreds of times
smaller and could circumvent the ultimate limitations of silicon-based device minia-
turization. The idea of using single molecules as discrete electronic building blocks,
initiated by the proposal of a single molecular rectifier [1], has attracted increasing
attention during the past decades, and to date numerous single molecule electronic
devices have been constructed [2, 3, 4]. Experimentally, a primitive metal-molecule-
metal (MMM) configuration is usually realized by methods of MCBJ (mechanically
controllable break junction) [5], c-:AFM (conductive atomic force microscopy) [6], or

STM (scanning tunneling microscopy) [7].

Despite the enthusiasm and effort invested in the field, molecular electronics is still
far from any industrial application. Current issues for the realization of molecular
electronics include the development of reproducible and robust experimental setups.
In recent reviews [8] it was shown that the experimental measurements of the same
system could easily differ by several orders of magnitude [9]. The variation in the
measured conductance of molecular junctions mainly comes from the difference of
local structures of the metal-molecule (typically Au-S linkage) contact in different
junctions. Due to the lack of specific chemistry between the metal electrode and

the linker group of the molecule, it is extremely difficult to fabricate a well-defined
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metal-molecule contact in real experiments.

Single wall carbon nanotubes (CNTs) present an attractive alternative for single-
molecule junctions. The 1-D ballistic transport property in metallic CNTs implies
low power dissipation over long distances. Their stable chemical structure and strong
covalent bonds allow for high mechanical and thermal stability, and the use of CNTs
as molecular contacts avoids the problems associated with metal electrodes using
thiol chemistry. The molecule can be connected to the CNT electrode by a covalent
bond and the attachment chemistry is well defined. It is now possible to fabricate a
CNT-molecule-CNT contact structure by precise oxidative cutting of a CNT followed
by molecular bridge formation via amide linkages [10]. One experimental focus is
now dedicated to synthetic strategies to couple the 7 system in the CNT directly to
the 7 system of the conducting molecule for good contact transparency. From the
application point of view, the CNT electrodes are of the same physical scale as the

conducting molecules, which is essential for future molecular scale electronics.

The past twenty years have witnessed multiple experimental breakthroughs of
single molecule electronics; in the meanwhile, the theory of electronic transport in
mesoscopic systems has also flourished [11, 12]. Extensive theoretical studies have
been carried out on metal-molecule-metal junctions [13, 14], providing an in-depth
understanding of the coupling between individual molecular structures to macroscopic
electrodes. Theoretical transport calculations have been shown to play an important
role in clearing up uncertainties and providing direct links between the measured
electrical conductivities and atomic-scale details. Nevertheless, the real power of the-
oretical studies is nothing but their capability to predict undiscovered properties, to
design novel nanoelectronic elements, and to screen vast number of systems before

tedious experimental work is attempted.

The main theme of this thesis is electron transport in nanoscale materials, and in

particular carbon-nanotube electronic devices. The outline of this thesis is the follow-
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ing: Chapter 1 provides the background knowledge this thesis is based on. Chapter 2
reviews the fundamentals of the electronic structure theory and the machinery of the
most widely used, state-of-the-art first-principles method, i.e. the density functional
theory. Chapter 3 introduces the basics of quantum transport theory, the Landauer
approach, and the Green’s function method for treating an open, infinite system such

as the lead-molecule-lead junctions that we are interested in.

The major part of the thesis is devoted to the application of quantum transport
theory to various systems ranging from single molecules to nanocomposite matrices.
We are mainly interested in the effect of chemistry modifications and the capability
to control molecular functionalities. The motivation for theoretical studies on molec-
ular transport, other than providing explanations to experimental observations, is to
acquire further insight into the mechanisms of electron transport and to help design
new types of molecular devices. In Chapter 4 we study the intriguing phenomenon
that has been a recent focus in molecular electronics: the quantum interference effect,
which stresses the significant difference between electron transport through nanoscale
molecular devices and that through macroscopic structures, and what interesting and
unexpected event could appear when one moves into a smaller and smaller world,
and constructive and destructive interference phenomena start playing a major role
in electrical transports. In Chapter 5 we explore the possibility of controlling the con-
ductivity of CNTs via covalent functionalization and identified a novel through-space
interaction between carbon nanotube surface and aromatic functional groups. In
Chapter 6 we investigate a relatively unexplored topic: the effect of transition metal
adsorption on CNT transport. We apply this to improve the low intertube conduc-
tivity of CNT networks, which is an important issue in electronic devices based on
SWNT thin films. The work in this thesis demonstrates how chemistry at the atom-
istic scale could affect electron transport even at the macroscopic scale, and suggests
novel approaches toward conductance modulation for single-molecular and carbon-

nanotube based nanoelectronics.
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Chapter 2

Fundamentals of Electronic

Structure Theory

Introduction

It is now clear that almost all natural phenomena we experience everyday are a result
of interactions of various molecules and that molecules are composed by even more
basic tiny particles called atoms. The abstract concept of a chemical “bond” enables
one to visualize in one’s mind how atoms are held together by an electronic “glue”.
Indeed all mechanical, thermal, optical, magnetic or any other unique properties one
can think of about a material are derived from the interactions between various nuclei
and electrons in atoms or molecules. The interactions were made computable with
the emergence of electronic-structure theory, thanks to the invention of a whole new
discipline, quantum mechanics, which describes systems at infinitesimal space and

time scales.

At the heart of electronic-structure theory lies the fundamental law of quantum

mechanics, the time-independent Schrodinger equation

HY({r}, {R1}) = BY({r:}, {Rs}) (2.1)
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where the system is described by an antisymmetric wavefunction ¥, a function that
depends on both the coordinates of the nuclei {R;} and the electrons {r;}. The
Hamiltonian H operates on the wavefunction to give the total energy E of the sys-
tem. The problem can be further simplified according to Born-Oppenheimer approx-
imation, which separates the nucleus and electronic degrees of freedom and allows
one to study the electronic behavior while considering the ionic positions at rest as

parameters:

U({r;}, {Rs}) = @{Rs})Vr({r:}) (2.2)

The Hamiltonian for a system containing N electrons includes the kinetic energy
of the electrons 7., the attractive Coulomb energy between the electrons and the
nuclei V., the Coulomb repulsion between electron pairs V.. and finally, the coulomb

repulsion between the positively charged nuclei Wl

N
~ N ~ ~ “ 1 ~

_ 2
H=T 4 Vye+ Vee + Wy = E <—§V +U r; ) + E m + Wan (2.3)

% i<g

Z P RII (2.4)

— ZI 212, (2.5)

I<J ~ Ryl
Under the assumptions of quantum mechanics, all physical properties can be derived
from the ground state wavefunction. In practice, however, solving the Schrédinger
equation is a formidable task as the motion of electrons are intercorrelated to each
other. As a result, the problem is equivalent to solving a set of heavily coupled
nonlinear integro-differential equations, and in fact, no exact solutions exist once one
goes beyond one-electron systems, that is to say, except for the H atom, HJ molecular
ion , and a few other simplest systems, one has to rely on various approximations
which usually involve variational minimization of the total energy to obtain the ground

state energy and wavefunction. These approximations typically fall into two broad

IThroughout this chapter atomic units are used: A = m, = 4mweg = 1
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categories housed under the roof of wavefunction methods and density methods. This
chapter aims at offering a brief overall introduction of the two distinct methods used
in the following studies in this thesis; more details can be found e.g. in the books of

Szabo and Ostlund [15], Parr and Yang [16], and Koch and Holthausen [17].

2.1 Wavefunction methods

2.1.1 Hartree-Fock theory

Wavefunction methods, as the name suggests, focus on solving for the ground state
wavefunctions explicitly, and most often start from Hartree-Fock (HF) theory. In
reality, the electronic wavefunction for N electrons is a highly complex function that
depends on 3N coordinates and the exact form is not known. Central to Hartree-Fock
theory is the assumption of searching for an approximate solution in the form of a
Slater determinant of single-particle spin orbitals ¢;, which represents one and maybe
the simplest way of satisfying the antisymmetry requirement and Pauli exclusion

principle:

U (ri01,7209, ..., TNnON) = |¢(1101)9(r209)...0(rNON))

_ \/_17\/:!(_1)” zp: Pl(r10:)d(rs0s)...6(rnon)] (2.6)
where r and ¢ denote the space and spin coordinates of the electrons, respectively,
and P is a permutation operator that operates on the spin orbital product such
that upon any exchange between two particles, the spin orbital product takes up an
additional minus sign.
With this assumption at hand and some mathematical manipulations, the en-
ergy calculated from the expectation value of the electronic Hamiltonian can then be

written as:
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E = (VU(ry01,7909, ..., TNON)|He|¥(r101,7209, ..., TNON))

= Sl + 5 Sl - Rl )

)

where ffl and ﬁg stand for one-body and two-body terms of the Halmitonian:

L) = [ dngi(m) (~52+ vlr) o) = B (28)

(i Frli) = / / drdrags ()65 r2) ()5 r2) = i (2.9)

(| i) = / / drdrag ()65 (r2)—0x(r2)0,(r0) = K (2.10)

The two-body integrals J;; and Kj; are the classical Coulomb energy and the
non-classical exchange energy, respectively. The special thing about using Slater de-
terminant is the natural emergence of exact exchange interaction between electrons of
parallel spin. Another advantage of the Slater determinant class is that when 7 = j,
the Coulomb term J;; cancels exactly with the exchange term Kj;, corresponding to
the physical situation where an electron does not interact with itself, i.e. it does not
have any self-interaction. This marks a central difference between Hartree-Fock and
density-functional methods, which inevitably suffer from some form of self-interaction

error, to be discussed in later sections.

The second important consequence coming from Hartree-Fock theory is that the
variational minimization of the total energy is equivalent to solving the pseuod-
eigenvalue problems of the effective one-electron operators, the Fock operators f,

for the spin orbitals ¢’s:

S(r1)ea(r1) = €aa(r1) (2.11)
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fr1) = h(r) + o™ (ry) (2.12)

where h(ry) and vHF(r;) correspond to the one-electron core-Hamiltonian op-
erator and an effective one-electron potential operator, the Hartree-Fock potential,

respectively.

1_, Z
h(Tl) = —5V - ZI: |’I’T——]-R_]| (213)

VI (r) =Y Jy(r) = K(r1) (2.14)

b
here J,(r1) and Ky (r;) are the Coulomb and exchange operators which act on the

spin orbital via

Tolr)a(ry) = / drqu;(rz)T—lcbb(rQ)} ba(r) (2.15)

Ko(r1)da(ry) = /d7“2¢;(7“2)ri12¢a(7"2)} on(r1) (2.16)

K is a non-local operator, and in contrast to the local operator J, it involves an
exchange of orbitals. For one electron in ¢, the expectation values of J; and K, are
just the Coulomb and exchange integrals Ju, and Kg. The problem now becomes a
pseudo-eigenvalue equation that involves solving f(r1)@.(r1) = €a¢a(r1) for all spin
orbitals ¢;(r). As the operators depend on the orbitals, it can only be solved itera-
tively by a procedure called the self-consistent-field (SCF) method, which calculates
the effective potential v#¥ (¢) from an initial guess set of all the spin orbitals, solves
the eigenvalue problem for a new set of spin orbitals, takes them as the new input in
a second iteration and repeats the procedure until self-consistency is reached, i.e. no

more changes from one iteration to the next.

In practice, the Hartree-Fock one-particle eigenvalue equations are transformed
into a matrix algebraic problem by introducing a set of known spatial basis functions

¢’s?. The unknown HF spatial orbitals ¢’s (the spin coordinate is integrated out for

2In modern quantum chemical programs, they are usually localized Gaussian or Slater orbitals
plus some diffusion and polarization functions
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simplicity) to be solved are then linearly expanded as

Ve = Z Ciatpi (2.17)

Eq. 2.11 becomes

f(r) Z Ciapi(T1) = &4 Z Ciapi(r1) (2.18)

Multiplying by ¢}(r1) on both sides of the above equation and integrate over space

gives the Roothaan equations
Y FiCi =20 Y _ SiCia (2.19)

Fock matrix elementsF;; = /go;(rl)f(rl)cpi(rl)drl (2.20)

and overlap-matrix elements Sj; = / @;(r1)wi(r1)dr (2.21)

Roothaan equations can be written more compactly in the matrix form:

FC = SCe (2.22)

Solving this generalized eigenvalue problem gives the coefficients for ¢ (r) via the
matrix C and the orbital eigenvalues €. The {¥;(r)}’s that diagonalize the ¢ matrix
are called canonical Hartree-Fock spin orbitals. They are generally delocalized and
have the symmetry properties of the molecule. Each eigenvalue represents the mean-

field electronic energy an electron feels when it occupies that particular spin orbital.

N
€a = faa = haa + Z Jab - Kab (223)
ab

The eigenvalue of the occupied (g,) and unoccupied (e,) spin orbitals in Hartree-

Fock theory have a special physical meaning, demonstrated by Koopmans’ theorem.

28



Each one represents the negative of the removal energy or the addition energy of
the electron occupying that orbital, under the assumption that the shape of the spin
orbital does not further relax upon adding or removing the electron to or from the

system.

Finally, the total energy in Hartree-Fock theory can be written as:

N N
EO,HF = Zhaa+%zjab"Kab = Esa_%zjab_Kab (224)
a ab a ab

2.1.2 Post Hartree-Fock methods

Although Hartree-Fock theory treats the exchange between same-spin electrons ex-
actly, it lacks “correlation” between electrons (especially between different-spin elec-
trons) and its energy by construction lies higher than the real value. The correlation
energy is sometimes defined as the difference between the exact energy &, of the
system and the Hartree-Fock energy Ej yr obtained in the limit of complete basis

set:

Eco'rr = 80 - EO,HF (225)

Post Hartree-Fock methods, usually known as high-level quantum chemistry meth-
ods, take Hartree-Fock theory as a starting point and increase the complexity of the

approximation for more accurate descriptions of the system.

Many-body perturbation theory

The most straightforward approach to include the effects of electron correlation is
through many-body perturbation theory. In particular, Mgller and Plesset suggested
that the zeroth-order Hamiltonian Hj could be chosen as the Hartree-Fock Hamilto-

nian, i.e. the total Hamiltonian could be written as

H=Hy+V (2.26)
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N
Hy = Z £) (2.27)

the unperturbed zeroth-order state |\Il(()0)> is the exact solution to Hy and is nothing
else but the Hartree-Fock Slater determinant. The zeroth-order energy can be written

as

Ho|w () = EV|w () (2.28)

N N N N
EéO) = Zsa = Zfaa, = Z hao + Z Job — Kop (229)
a a a ab

and the perturbation V is

N N N

V=H-H= (Zh + Zr ) =D F@) =Ygt = e (230)
i<j i <) i

After some manipulation, the total energy up to the first-order in the perturbation

can be written:

E=EP + BWY = (Ug|Ho o) + (o V|¥o) = Zea——ZJw — EFF (231)

First order Mgller-Plesset theory (MP1) is equivalent to the Hartree-Fock approx-
imation. More correlations can be included by going to higher orders of perturbation,
e.g. MP2 (with computational costs scaling as N°, where N is the number of elec-
trons), MP3 (N®) or MP4 (N7). MP perturbative approaches work quite successfully
for main group compounds, but they can become unstable when the orbitals are nearly

degenerate, and as a result it often fails dramatically for transition metal complexes.

Multi-configurational methods

Dynamical correlation comes mainly from the instantaneous electronic repulsion that
can not be captured accurately by the mean-field v¥¥; in comparison, the non-

dynamical correlation refers to the case when one Slater determinant is not a good
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representation to the true ground state, as is often the case in dissociation problems,
open-shell species and transition-metal complexes. For such systems improvement
can be made by allowing more Slater determinants to be included. This is the case
in "multiconfigurational” methods as opposed to the single Slater determinant (con-
figuration) of the Hartree-Fock. Conceptually, the simplest way forward is given by
configuration-interaction (CI) method, which writes the wavefunction as a superpo-

sition of many Slater determinants constructed from excitations of the HF orbitals:

[Vor) = col®o) + )l + D IO+ D o). (232)
ar a<br<s a<b<cr<s<t

Here |®,) is the ground state Slater determinant of HF, |®7) represents the singly
excited determinant obtained by promoting one electron from an occupied ¢, to an
unoccupied ¢,, and etc.. The coefficients of the ground, singly excited, doubly excited
determinant, ¢, ¢}, cl7 and so on are then optimized variationally, keeping the orbitals
fixed. In practice, full-CI (considering up to N-electron excited determinants) is too
computationally demanding and is almost never considered apart from very simple
systems such as Hy. A quick compromise can be met by truncating the expansion up
to only singly excited determinant (CIS), or singly and doubly excited determinants
(CISD). Unfortunately, truncated CI suffers from size-inconsistency, that is to say,
for a supramolecular system, the CISD energy of a dimer does not equal to the
sum of CISD energies of the monomer, although an extension that corrects the size-
consistency error exists, which is called quadratic configuration interaction (QCI).
QCI gives results comparable to this more commonly used and closely-related coupled-

cluster (CC) method, which solves this problem via the use of the cluster operator T

and writes the wavefunction as:

|Wee) = e’ |Pyr) (2.33)

T=Ti+To+Ts+..Ty (2.34)
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where Tl, Tg, etc are excitation operators to generate multiply excited determi-

nants which, in the notation of second quantization, can be expressed as:

Ty = calaa (2.35)
Ty = lzc“afaf& a (2.36)
4 > ab“r“s%a

and so forth. The cluster operator can be truncated at different levels and is
known by acronyms accordingly, e.g. CCD for T =T, CCSD for T = T} + T and
CCSD(T) for T' = T, +T and T treated perturbatively. The Taylor expansion of the
cluster operator T takes into account higher excitations even when T is truncated,
for example, in CCD:

T _ T no Lo

e =82=1+T2+'2—‘T2 + ... (2.37)

where T22 generates quadruple excitations, T 3 generates hextuple excitations... In
comparison, CID is defined only by the first two terms 1 +T5. This allows CC method

for the superiority with respect to CI in terms of size-consistency.

CCSD(T) is considered to be the gold standard for most transition-metal com-
plexes, but it is a single-reference method in construction and should be used with
caution. One measure of multireference character is called 77 diagnostic, the root
mean square of the single excitation amplitudes T} = /% > ..(ch)?% A large Ty
value indicates substantial multi-determinantal character and over-interpretation of

coupled-cluster results for such systems might be problematic.

Multi-reference methods

CI and CC are multi-configurational methods, but they are built from only one sin-
gle “frozen” reference (a single Hartree-Fock ground state Slater determinant). The

jargons of quantum chemistry can look here a bit misleading and bewildering: multi-
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configurational self-consistent field (MCSCF) methods refer to using more than one
Slater determinant (in contrast to HF) in the self-consistent calculation, thus not
only the weight but also the shape of the orbitals are variationally optimized. MC-
SCF methods are especially important when the ground state is highly degenerate
(e.g. the closed-shell singlet cyclobutadiene) or in bond dissociation reactions. One
special version of MCSCF is CASSCF, complete active space SCF, in which all Slater
determinants that can be formed within a predefined chemical active space (a limited
number of occupied and unoccupied orbitals) are considered in the self-consistent
procedure. MCSCF is also the starting point for many multi-reference approaches
such as MRCI (multi-reference configuration interaction), which differs from CI by
using a. MCSCF wavefunction rather than using a HF wavefunction. As it can be
guessed, multi-reference methods require a lot of experience in their use and some a

priort knowledge of the answer one is seeking in order to select the best approach.

2.2 Density methods

Different from the wavefunction methods which focus on solving for the wavefunc-
tion that depends on 3N coordinates, density-functional theory developed an entirely
different approach by taking the electron density as a basic variable. This simplifies
the problem by enabling one to work directly with a physical observable, the density,
rather than some abstruse entity, the wavefunction. The earliest attempt along this
line was given by Thomas and Fermi who came up with a total energy based on a
kinetic energy functional derived from the uniform electron gas. Insightful as it was,
Thomas-Fermi model was over-simplified and failed to describe accurately real sys-

tems. In particular, the atoms as described by TF theory do not bind in molecular

systems.
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2.2.1 Density functional theory
Hohenberg-Kohn Theorem

The real breakthrough came in 1964 when Hohenberg and Kohn [18] proved in their
famous theory that (a) the density p(r) is a basic variable that has a one-to-one
correspondence to the external potential v(r) within an additive constant and (b)
that total energy, E, can be written as a functional of the density E[p] = E[p(r)] and
is an upper bound for the real ground state energy. Hohenberg and Kohn showed
that the sum of the electron kinetic energy and electron-electron Coulomb repulsion

energy can be written as a universal functional independent of the external potential:

Flo] = (D|T + V...|®) (2.38)

So now for a given external (e.g. nucleus) potential, the total energy functional

can be written as:

Eulpl = Flo+ [ v(r)olrir (2.39)

The Hohenberg-Kohn variational theorem states that the true ground state elec-
tron density po minimizes the energy functional to ground state energy Ey, which is

lower than the energy from any arbitrary electron density :

By = Eulpo] < Eule] (2.40)

Kohn-Sham approach

The HK theorem reduces greatly the complexity of the problem from 3N to 3 variables,
if only one knew how to write explicitly the form of F[p]. A significant progress was
made when Kohn and Sham [19] introduced a reference system of N non-interacting
electrons and N one-particle states v;. The density of this reference system is required

to be equal to that of the real one:
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N
p(r) = Z i (r)? (2.41)

The wavefunction for the reference system ¥, can be written as a Slater deter-
minant and the kinetic energy T, of the noninteracting system can be solved exactly

as:

N

Tolel = Yl — 5 V2 (242)

The total energy functional now treats the real kinetic energy T'[p| as Ts[p] +
(T[p] — Tslp]), and the real electron-electron interaction V.. [p] as Ey|p|+(Vee[p] — Erlp)),
where Fy is the Hartree energy that represents the classical Coulomb interaction for

an electron gas
L ffpr)pr)
E == drd 2.4
H[p] 2 ﬁ lr _ r/l rar ( 3)

The universal functional F[p] now picks up T[p] and Eglp|, and collects the

residual terms in the unknown exchange-correlation energy E.|p|:

Flp] = Tslpl + Eulpl + Exclp) (2.44)

Belpl = Tlp] = Tulp] + Vielp] — Bl (2.45)

So, in a form reminiscent of Hartree-Fock, the Kohn-Sham approach recasts the

N-particle problem into a set of N one-particle equations:

{‘%V? + UKS(Ti)] (I (2.46)

whose effective one-electron Kohn-Sham potential is defined as

Sy — o () o OBl OBeclp] PU) 4 o (r
() ezt( )+ 5[7(7') + 5P(7') ecct( )+/IT"—T'I'd + zc() (247)
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Similar to Hartree-Fock, these equations are non-linear and need to be solved

iteratively. The total energy at self-consistency is then given by

N
By =Y e = Bulpl + Fudpl = [ vadr)ptr)ar (2.48)

Exchange-correlation functionals

The theory remains exact up to this point but relies on an unknown exchange-
correlation functional. The merit of the Kohn-Sham approach is that by mapping
the system onto a noninteracting reference, it is able to capture a large part of the
energy in terms we know exactly how to calculate, Ts[p] and Ex[p] , shifting the dif-
ficulty of the problem into finding the small residual energy functional E,.(r), which
still has no explicit form. Approximations dedicated to improving the accuracy of the
theory follow a Jacob’s ladder of increasing complexity. The simplest approximation
is local density approximation (LDA), which takes the exchange-correlation energy
density at a position 7 as that of a homogeneous electron gas with the same density,

and writes F,.[p] as

EEPA[) = / p(r)ehm (o) dr (2.49)

where £9™(p) is the exchange and correlation energy per particle of the uniform

electron gas of density p. The corresponding exchange-correlation potential then

becomes

_ 6EmLcDA[p] _ _hom Osi’gm(p)
vaPA(r) = 00 er™(p) + P(T)T (2.50)

The second rung is the generalized gradient approximation (GGA), which adds
the density gradient Vp(r) into the functional as a first order improvement over inho-
mogeneities [20]. The higher rungs include meta-GGAs, which contain higher order
terms such as gradient squared (Vp(r))? and the Laplacians V?p(r), and hyper-
GGAs, that employ fully non-local exact exchange such as the hybrid functionals.

Despite all attempts, however, it is almost impossible to improve E[p| systemat-
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ically and one usually relies on fitting to high-level Quantum Monte Carlo results
or a pre-determined set of experimental values. Thus a certain exchange-correlation
functional (denoted by numerous acronyms from its inventor: PBE, PW91, B3LYP,
etc.) could work moderately well for certain properties of a particular class of ma-
terials (e.g. metals), but perform poorly for other properties or another class (e.g.

molecules).

2.2.2 Practical implementations of DFT

Similar to the case of Hartree-Fock, the Kohn-Sham equations are usually solved by
expanding the orbitals in a basis set and iteratively diagonalizing the Hamiltonian
matrix until self-consistency. But unlike wavefunction methods, which were originally
developed for isolated molecular species, density-functional theory first appeared as
a solid-state electronic-structure theory. Rather than localized atomic orbital basis
set, in extended systems with periodic boundary condition, a plane-wave basis set is
the most straight-forward and economical choice as had been implemented in many
packages. This section intends to outline this framework, as implemented in the
Quantum-ESPRESSO [21] distribution, which is the primary DFT tool used in this
thesis and is open-source under the GNU public license. General details can be found

in Ref. [22] and [23].

Bloch theorem and plane-wave basis expansion

For a crystal with a periodic potential U(r) = U(r + R), the Bloch theorem states
that the Hamiltonian shares with the translational operator the same eigenstates in

the form of

Pk (1) = €U (1) (2.51)

where u, (r) satisfies the periodicity of the crystal

Unk (I’) = unk(r + R) (252)
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Each Bloch wavefunction %, (r) is labeled with a wavevector k that represents

the crystal momentum and a band index n for different energy levels at a given k.

Applying the Hamiltonian on the Bloch wavefunction gives

%(v +iK)? + U] () = enctione(r). (2.53)

Thus different %&’s are independent and the Schrodinger equation can be solved
separately for each k. The charge density self-consistently depends on all &, and en-

ters into U(r) so the iterative solution is still coupled at all k.

The u.i(r), satisfying crystal periodicity, is best described by a plane-wave ex-

pansion as

unk(r) = Z an(;eiGr (254)
G
giving

Yok(r) = D e e E" (2.55)
G

where G’s are the reciprocal lattice vectors and satisfy ¢’SR = 1. Usually G runs
over all plane-waves within a sphere in reciprocal space with a cut-off energy E.,,

namely for all values of G that satisfy

fﬂl;;;—ec"g < oy (2.56)

An appropriate E.,; value needs to be tested for convergence prior to any theo-
retical investigation. In practice, however, the orthonormality wiggles of the atomic
wavefunctions near the nucleus usually imply a very high value of E.,; is required
to accurately describe any system, making calculations computationally unfavorable.
This eventually led to the idea of pseudopotentials to separate the chemically inert

core and reactive valence electrons to greatly reduce the number of plane-waves used,

as well as the number of electrons (these will be described later).
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BZ integrations and k-point sampling

For each k' = k+G, one can derive upe (r) = €Sy, (r) from Eq. 2.54, or equivalently

wnk(r) = d)n,k—FG(r) (257)

as well as

Enk = Enk+G (258)

Therefore Bloch theorem allows one to represent the macroscopic crystal within
a small unit cell consisting just a few in inequivalent atoms. Ideally physical quanti-
ties should be integrated over all possible k’s within the first Brillouin Zone (BZ) to
represent an infinite crystal, but in reality periodic-boundary conditions on the elec-
tronic wavefunctions (called Born-von Karman (BvK)) are often applied to reduce

the number of k points. BvK boundary conditions are

3

Yk (T) = Upae(x + Y Nidi) (2.59)

i=1

where Ny, Ny, N3 are integers and d;’s are unit lattice vectors. Therefore one has

e U (r) = eik‘ekzN"d"unk(r) = eikt2 N"d")'unk(r + N;d;) (2.60)

so that

or

n; 27 n; ~
Ni a; Nl ( )

where n;, = 1,2,3...N; and Z;i’s are the unit reciprocal lattice vectors. In other
words, the Born-von Karman boundary conditions state that a supercell containing
N; x Ny x N3 unit cells can be accurately described by the wavefunction of a unit
cell modulated by e’ where k is constrained by the above equation. Thus the entire

BZ integration is reduced to summation of discrete k-points. The simplest method
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samples all the allowed k-points in Eq. 2.62 in equal spacing within the first BZ, also
called Monkhorst-Pack sampling [24].

Pseudopotentials

The concept of pseudopotentials refers to approximating the real asymptotic Coulomb
potential of atoms by an effective potential VF* that includes the screening of the
core electrons. Pseudopotentials are devised in a way such that the corresponding
pseudo valence wavefunctions have the ideal properties of (1) perfectly matching the

real valence wavefunctions outside some cut-off radius R, and (2) the eigenvalues
PS

PS = ¢AE_ Since each

reproduce the true eigenvalues for each pseudo-wavefunction &
wavefunction “feels” the screening differently according to their different angular na-
ture, the pseudo-potential naturally has to be composed of a local radial part and a

non-local, angular-dependent part:

Vluc — VAE if r > RC
VPS(r) = (r) (r) e (2.63)
Viee(r) + Zl,m |Y2m>%nloc(7')<yim| fr<R

where Y}, are spherical harmonics. In norm-conserving pseudopotentials, the
pseudo-wavefunctions are constrained under the orthonormality requirement (i CW)]N oy =
8;;. Nevertheless, although many valence electron orbitals have most of the density
outside the cut-off radius and can be approximated as node-less smoothly varying
pseudo-wavefunctions by norm-conserving pseudopotentials, the 2p, 3d, and 4f or-
bitals, being the first angular momentum to appear of of its kind, retain most of
the density close to the core region. Thus a norm-conserving pseudopotential does
little to reduce the plane-wave cut-off for these orbitals. The solution for this is the
ultrasoft pseudopotential, which relaxes the norm-conserving constraint and rewrites

the Schrodinger equation as a generalized eigenvalue problem:

H[¢%) = a0 (2.64)
with an orthonormality condition redefined as
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(w35|5|w55> = 0;j (2.65)

where S is an overlap operator that contains the ”augmentation charge” that

ensures correct charge density in the core region.

— 14+ 3 QL8N (8] (2.66)

a]v

B!’s are projector functions that run over different angular momentum channels

and depend on the ionic positions, while Q is an augmentation function given by:

Q- / (W25 (A (r) — TS (S (r)) dr (267)

2.3 Maximally localized wannier functions

Wannier functions (WFs), originally introduced by Wannier in 1937 [25], are orthonor-
mal atomic-like wavefunctions that span the same space represented by Bloch states.
For an isolated set of N Bloch bands ¥,k(r), a set of WFs w,r(r) = w,(r — R),
n € [1,N], labeled by Bravais lattice vectors R, can be constructed by the Fourier

transformation of Bloch states over the Brillouin zone (BZ):

wnr (1) = Gy / [ZUmnwn }e‘“‘de (2.68)

where U®) is a unitary matrix that mixes the bands at wave-vector k, and V is

the volume of the real-space primitive cell.
Due to the phase indeterminacy e»®) of an isolated Bloch state 1,k(r) at each

wave vector k, the choice of U® is not unique. One strategy to determine U® is to

choose one that minimizes the spatial spread of the WF's:
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Q= [{wno(r)[r*lwno(r)) — (wno(r)Ir|wno(r))’] (2.69)

Wannier functions obtained this way are named mazimally localized wannier func-
tions (MLWFs) [26]. This formulation offers an extension of the localized molecular
orbitals for molecular systems [27] to the solid-state case. In many instances, MLWFs
are the most natural choice for a set of localized orbitals that span the same Hilbert
space of the Hamiltonian eigenfunctions, and they provide a clear picture of chemical

bonding.

2.3.1 Localization procedure

In a reciprocal space, the expectation values in Eq. 2.69 can be expressed as [26]:

{wno (1) |r|wno(r)) = (r)y = i(2‘7/r)3 /e"k'R(unkIVﬂunk}dk (2.70)
(Wno (1) || wno (1)) = (1), = i(;:r)s /eik'R(unk|Vf(|unk)dk (2.71)

where U, = e~ ® T, is the periodic part of the Bloch function .

In a uniformly-discretized BZ, the overlap matrix between Bloch orbitals can be

defined as

MR = (Ui |t gerb) = (Yrmkl€ T [Un ksb) (2.72)

where b is a set of vectors that connect a mesh point k to its near neighbors.
After some algebra, the gradient and the Laplacian can be rewritten in terms of the

overlap matrix [28], giving for
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Nkp Nb

(r), = o Z ZW,, b Im InM &P (2.73)
Pk
1 Nip Ny
(r*)n = = Yo W {[1 = IMEPP] + [ Im nMEPPT (274
P kx b

where Ny, is the number of k-points, N, is the number of b vectors, and W is
the weighting factor for the corresponding vector b. The spread functional €} can
now be expressed in terms of Mgﬁ;b), and the minimization of  with respect to U
is then performed using steepest descent or conjugate gradients, until the stationary

42— ( is reached.

condition 7 =

2.3.2 Disentanglement

For an isolated set of bands such as the valence states in an insulator, the above
procedure is straightforward. When a system is metallic, however, a disentanglement
procedure [29] is needed to separate a group of bands since all bands near the Fermi
level are mixed together and there is no visible gap in between. This is done by per-
forming another unitary transformation U4*®) prior to localization. At each k-point,
an energy window that contains NX  states is defined and a subspace S(k) spanned

win

by N (N < NX_) Bloch states is determined:

) = > Ussuy,) (2.75)

meNK,

win

where U35 is a rectangular NX_x N matrix. The disentanglement procedure
is equivalent to selecting a subspace out of the entangled space that is mazrimally-

connected across each k-point, i.e. with maximum overlap between S(k) and S(k-+b).
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2.3.3 Real-space Hamiltonians

In the Bloch representation, the Hamiltonian by definition is diagonal Hon(k) =
€:xOmn. After finding the unitary matrix U® that minimizes the spread, we obtain

the Hamiltonian in a transformed representation

HC (k) = URTH (k)T (2.76)

that can then be Fourier transformed to give the Hamiltonian in the MLWF basis

1 ) .
HED(R) = 5= > e RATD () = (wpnol Hlwnr) (2.77)
L

Due to the strong localization of MLWFs, the matrix elements H.n(R) decay
rapidly with R, making the Hamiltonian a sparse matrix. In the following chapter,
we would see how MLWTFs offer a bridge between plane-wave electronic structure and

Green’s function formalism for transport calculations.
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Chapter 3

Quantum Transport Theory

Introduction

Classical theories of transport treat electrons as particles. Electrons move unimpeded
and are freely accelerated by the external field for a characteristic relaxation time un-
til they are scattered by a defect, a phonon, or another electron. The direct result of
this classical particle assumption gives the well-known Ohm’s law, which states that
the conductance (G) of a rectangular two-dimensional conductor is directly propor-

tional to its width (W) and inversely proportional to its length (L):

_OW

“=7

(3.1)

where ¢ is the conductivity of the material. As the size of devices begins to shrink,
however, the wave nature of electrons becomes non-negligible and consequently, classi-
cal transport theory can no longer hold. The quantum characteristics of the transport
phenomena must be taken into account as the device dimensions L reach the scale of
the following characteristic lengths: (1) the de Broglie wavelength Ar determined by
the kinetic energy of the electrons, (2) the momentum-relaxation length L,, which is
the distance that an electron travels before its initial momentum is destroyed, and (3)

the phase-relaxation length Ly which is the distance that an electron travels before it
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looses the initial phase information. In this chapter, we focus on the phase-coherent
transport regime where Ly, is a lot larger than the device length, i.e. L < Ly, as is
the case in single molecule transport, and we introduce some formal approaches to

quantum conductance, namely Landauer’s approach in a Green’s function technique.

3.1 Landauer Formalism for Phase Coherent Trans-

port

3.1.1 Quantum Scattering Theory

The theory for electron transport through nanoscale devices is in essence scattering
theory [30]. Consider the 1-D case where a plane wave is scattered by a step potential

barrier:

0 <0
U(z) = ‘ (3.2)
UO z>0

The solution for the scattered state wavefunction is given by

Al etkz 4 A0 eikz 2<0

YR =9 " (3.3)
Bjelkz—kB’_e"’kz z>0

The “+” and “—” subscripts are for right-moving and left moving wavefunctions,

and the “” and “o” superscripts mark the incoming and outgoing waves toward the
barrier boundary, respectively. The coefficients are related to each other from the

boundary conditions expressed in the matrix M:

; . l+a 1—« .
) em (TR =2, ] 34
A° B > 5 Bt
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E-U v . . . :
I 0 . B Alternatively, the incoming and outgoing waves can
vr

also be related by the scattering matriz S:

where a =

A A l—« 2a A
-1 —g + _ |1 12- (0% _11++Ola + (35)
B2 Bt B
l1+4a 14+«

To find the transmission and reflection coefficients we set B. = 0 (i.e. the wave
is only coming in from the left), then the transmission probability T(E) and the

reflection probability R(E) become

. UR|B$_|2 . %"
T(E) = v AL (14 )2 (3.6)
AP (ay
ME) = [ap ~ W ay o
T(E) + R(E) = 1 (3.8)

The elements in the matrices M and S are expressed in terms of the amplitudes
of the waves. One can define another matrix S’ in terms of the amplitudes of the

currents to satisfy the current conservation rule and the unitary condition, S'1S’ =1

! Un:
— s 9
S =\ 55 (3.9)

The elements inside the unitary scattering matrix S’ are related to the transmis-

sion and reflection coeflicients in the following way:

l—-a 2Ja

t/
r_[14a 14a | |7
S = 2\/5 —1l4+al ¢ 7 (3.10)
l1+a 14«

where r and t describe transmission and reflection of left-incident waves, and 7/
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and t' for right-incident waves. As shown in this case, in general ¢t = ¢’ holds, i.e.
the left-incident and the right-incident waves have the same transmission probability
given by time-reversal symmetry. The transmission probability T'(£) comes naturally

from the square modulus of ¢

4o

T(E) =
The example shown here is the so-called single-channel transmission where only
one possible |k| exists for any given energy. In the three-dimensional case, if the

(z,y) dimensions are constrained and only certain transverse modes exist for a given

energy, multiple k,’s can exist and scatter into each other.

R k2

E 2m

+ E:,y n= 1,2,3--~NL,R (312)

For the multi-channel case, the scattering matrix S’ is a square matrix with di-
mension N = Ny + Ng, where Ny and Ny are the number of channels for the left

and right side of the system. S’ can be written in the form

r t
S = (3.13)

t r
where r, t, r’, and t’ now also become matrices and have the dimensions of Np x Ny,
Ng x N, Ng x Ni and Ny x Ng, respectively. Ts, = |tgo|* are the probabilities

of transmission from the left mode « into the right mode 3. The total transmission

from left to right is

T(E) =Y Tpa=Te(t't)= > Tn (3.14)

BER 0€L n
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where T,,’s are the eigenvalues of the t't matrix and represent the transmission

probabilities of the non-mixing eigenchannels.

3.1.2 Current from transmission

Landauer approach [31] describes the current through a conductor as the probability
that an electron can transmit through it. For a single-channel conductor connected

to reservoirs both on the left and the right sides, the current is

ol

JWV) =5 D of T (k) = To= [ dk() (k)T (k) (3.15)
k
E = h;:j dE = (%) hdk (3.16)

The net current that passes through the conductor under finite bias V would be

J(V) =Jror— Jror = %LE /Oo T(E, V)[fL(E-I— GV) — fR(E)] dE = 2TQQT(E,V)V

—0o0

(3.17)
and the conductance
dJ  2¢?
G = e —h—T(E, V)Y=T(E,V)Go (3.18)
o2
where Gy is the conductance quantum, Gy = — = 77.5 ©S. For multi-channel

h
conductors, the total transmission is the sum of the contribution from all channels,

and the generalized two-terminal Landauer transport is given by the Fisher-Lee for-

mula [32]:
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G="2 Y Tw(B V)= %Tr(t*t) (3.19)

BER a€l

3.2 Green’s Function Method in a Localized Basis

Set

In principle, the transmission function T'(E) for a coherent conductor must be cal-
culated from the scattering matrix, which can be obtained from the solution of the
Schrodinger equation. Nevertheless, in the atomistically defined LCR systems, solv-
ing for the scattering states requires the non-trivial task of calculating the complex
band structure in the electrodes. This difficulty can be circumvented by the powerful
method of Green’s functions, which express the elements of the scattering matrix in
terms of the Green’s function of the conductor part [33, 34, 35] and is simpler to

compute.

For a system represented by an Hamiltonian H, the retarded and advanced Green’s

functions are defined as follows:

[(E +in) — H|G" =1 (3.20a)
G" = [(E+in)I — H]™* (3.20b)
and
(B —in)]l — HIG* =1 (3.21a)
G* = ((E—1in)l —H|! (3.21b)
G = (G (3.22)
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where 7 is an infinitesimally small positive number (n—0%) that ensures the cor-

rect boundary conditions.

3.2.1 Green’s function method for extended systems

Consider a “left lead-conductor-right lead” (LCR) structure described by some lo-
calized basis such as atomic orbitals or Wannier functions. The wavefunctions are
represented by a linear combinations of the localized basis set, ¥ = > co|a). The
matrix elements of the Hamiltonian H,s = (a|H|B) gradually decay to zero as the
distance between the basis functions |a) and |3) increases. If the conductor region
is long enough such that there is no interaction between the left and the right leads,

the full Hamiltonian of the system has the following block form:

H, H; 0
0 HL, Hg

where Hy, He, Hy are Hamiltonians of the left lead, the system, and the right
lead, respectively. The off-diagonal terms Hyc and H¢g describe the coupling be-
tween the leads and the conductor. The matrix form of the Green’s function (from
now on we only look at the retarded Green’s function G") for this system can be

further partitioned into submatrices corresponding to the conductor and the leads:

E - HL _HLC 0 GL GLC’ GLR
—HTLC E—-Hc —Hcr Ger Ge Gerl| =1 (3.24)
0 ~HL, E-Hg/ \Grr Gre Gg

where we have substituted E for (E + in)I. Take each row of the first matrix and

multiply by the second column of the second matrix and we have:
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(E—H)Grc —HrsGe =0 (3.25)

—H! .Grc+ (E—He)Ge — HLGre =1 (3.26)
~HL,Ge + (E—Hg)Gor =0 (3.27)

(3.28)

After some manipulations one can get a simplified expression for Ge:

Ge=[E—-Hg-Xp - Zx]! (3.29)

where ¥, = HTLCGLHLC and X = HLRGRHCR are the self-energy terms for
the left and the right lead, respectively [11]. He + X1 + X can be viewed as the
effective Hamiltonian for the conductor interacting with semi-infinite leads. The spec-
tral function Ac is defined as the imaginary part of the Green’s function, which gives

the local density of states for the conductor [11].

Ac =i (GC . Gg) (3.30)

No(E) = 5-Tr[Ac(E)] = —=Im{Tx [Go(E)]) (3.31)

The complex self-energy terms contain a few important physical aspects. The
real part describes the energy shift of the level of the conductor region when it is
connected to the leads, and the imaginary part describes the level broadening, which
is a measure of the coupling strength. The coupling functions are therefore defined

as

Tig=i(Zhp—58) (3.32)
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where the advanced self-energy %¢ p is the Hermitian conjugate of X7 5.

3.2.2 The principal-layer approach for semi-infinite leads

As our system involves semi-infinite left and right leads, the submatrices of the Hamil-
tonian have infinite dimensions, except for Hs. Therefore, the evaluation of the
self-energy terms require manipulation of matrices with infinite dimensions. It is con-
venient to adopt the principal layer approach [36, 37] in which one can define the
minimal length it takes between two basis functions |@) and |3) in the lead to have
negligible interactions (i.e. (a|H|B) ~ 0) as the length of a principal layer. The
principal layer of the lead should contain enough unit cells such that the interactions

between the i-th and ¢ + 2-th layer is negligible, and the Hamiltonian can be recast

as
H® HY 0 0 0
Hy Hipe 0 o HY HY® hie 0 0
H=|H|, Ho Her|=|- 0 hi. Hc herp 0 | (333)
0 Hlp Hg v 0 0 hi, HY HY
0o 0 o HY' HY

As shown in Eq. 3.33, all information of the infinitely-dimensioned Hy¢ is now
contained within a small submatrix h;c with dimension Ngo x Ny, where Ny and
N¢ are the number of basis functions in the principal layer of the lead and in the

conductor region, respectively.

The self-energy term for the left lead now becomes
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s, = H G H o = ( hEc) xGpx | (3.34)

h;c
-1
... E—H% H10 0 22 21 20
Gr = IOTL ; 00 10 - glfz)]‘ gfl gfo (3'35)
’ H, E-Hj Hj - B 8L 8
0 HlLoT E— H%O . gim‘ gioT g%o

Inserting Eq. 3.35 into Eq. 3.34 we get £, = Hl .G Hc = h} ,g%®h;c, where

g% is called the surface Green’s function.

3.2.3 The surface Green’s function

With the help of the principal-layer approach, one can transform the infinite-dimensional
problem into a finite-dimensional matrix multiplication, and we are now left with the

task of evaluating the surface Green’s function g?° [38, 39].

From the definition of G

E-HY H} 0 o8 8l o8| _ I (3.36)
H}:Ot E— H%O H}JO . giOT gil g}do
0 HlLOT E- HOLO . g%OT giOT g%()

Multiplication between each row of the first matrix and the last column of the

second matrix gives
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(E-HY)gy = 1+H; g}’ (3.37)

(E-H})gr = H;'g’ + H'gr’ (3.38)
(E —HY)gl’ = Hy'gp"™" + Hi'gy (3.39)
or equivalently
g? = tog] M0 + fogp e (3.40)
to = (E—-H®)'HY® (3.41a)
to = (E - HY)'H™ (3.41b)

Applying Eq. 3.40 recursively, one can derive the following relations and the

transfer matrices T and T:

g = Tgl’ (3.42a)
g1 = Tgp (3.42D)
T = to + tty + totity + -+ - + totito - - - t, (3.43a)
T = to + toty + totito + -+ +totita -ty (3.43b)

where t; and t; are defined via the recursion formulas:
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t;

I

(I — ti——lii—l — Ei,1t1_1)71t371 (3443,)

i

fi= T =t 1t —tiatig) 't (3.44D)

The process is repeated until t,, and t,, < & with § arbitrarily small. Usually only

5 or 6 iterations are required to converge T and T.

Finally, the surface Green’s function is

g2 = (E—-Hy -H'T)™! (3.45)

3.2.4 Transmission probability in the Greens’ function rep-

resentation

We have introduced the matrix Green’s function for the LCR system, and shown how
to convert the infinite-dimensional problem into finite matrix manipulations. We are
now in the position to derive the the Fisher-Lee formula, Eq. 3.19, in the Green’s

function representation to show the full power and elegance of this method [40].

Consider again the tight-binding Hamiltonian of Eq. 3.23. The Shrodinger equa-

tion can be written in the following form

H; H;c 0 Uy vy,
Hi, He Hep ||V | =FE|¥¢ (3.46)

where Uy = U9 + 07 . U9 is the ”incoming wave” and is the eigenstate of Hy with
energy E, ie. HyU) = EVY. U7 is the reflected wave and Up is the transmitted

wave. With these conditions one can solve the scattering state as
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Uy = (1+ G HysGLH} )WY (3.47a)
Vg = GrHrsGLH! (U9 (3.47b)

U = GLH U (3.47¢)

The current carried by this left-incident scattering state is

O(Vg|
ot

0|Vr)

W)+ <wR|—) (3.48)

. 0
i = —eg Ul ve) = —e ( v

ot

From HY = ih%\If and Eq. 3.46, one can find the current to be

. e _
Jisr =% (‘I’TLHLS\I’S - \I’TSHTLS‘I’L) (3.49)

Inserting in these expressions the solutions given in Eq. 3.47, we have

. te
Jisr =% (q’TLHLS\IIS - ‘I’TSHTLS\I/L)
e “ .
o (o) HLsGE s (G~ Gr) H s GLH]0))

e

=2 (V) HLsGEDRGLH] ¥ ) (3.50)
Eq. 3.50 is the current for this specific scattering state. For total current one

needs to sum up this current from all left-incident transverse modes at a given en-

ergy. From Eq. 3.15 and Eq. 3.17, the transmission function is related to the current

by
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h . a r
T(E) = ZjLr =27y 8(E — E)) (\IJ%TAHLSGCI‘RGCHTLS\IJ%Q
A

= 27r2 §(E - E)) (‘I/%TAHLS (Z ¢i¢!> %PRGEHES‘I]%A)
= or Zz(s (E - By) (4GP RGEH] 4, ) (W3 Hiso:)

= (¢1 *I'rGLH! (27r > 6(E - Ek)qf‘gx\pg&) HLS@) (3.51)
3 A

Recall that the Green’s functions can also be expressed in terms of eigenvectors

of the system:
Z "/’A"/’)\
E—-FE,+1in
Z %%
E—FE\—1in

Using the Sokhatsky Weierstrass theorem

1
x4+

, °1 > 1
P(1/z) = }slncl) / ;dx + / ;d:r
- —oo é

(G* — G) = i218(E — Ej)

= P(1/z) — imd(x)

We can get

Part of the right-hand side of Eq. 3.51 becomes

H! (%Z §(E - EA)\II%A\II%TA) Hps = —iH! (G — G))Hps =T,
A

38

(3.52a)

(3.52b)

(3.53)

(3.54)

(3.55)

(3.56)



Finally Eq. 3.51 can be rewritten as

T(E) = Tr(T, G4 GL) (3.57)

and we have the Fisher-Lee formula in the Greens’ function representation [40]

2 2
_ 32—T(E) 2 T, GeT G (3.58)

G(P) -

3.2.5 Eigenchannel analysis

In scattering theory, the S matrix is usually represented in the basis of the Bloch
wavefunctions of the left and right electrodes (or plane waves for free-electron elec-
trodes). In Sec. 3.1.1 we have shown in Eq. 3.14 that one can diagonalize t!t and get

a set of non-mixing eigenchannels, each with a well-defined transmission probability

UtthtUL = diag{T,} (3.59)

The eigenvectors of tit given by the columns of the unitary matrix Uz [Ny, x Ny]
are linear combinations of the incoming wavefunctions from the left, and represent
a new set of eigenchannel wavefunctions with well defined transmission probabilities,
0 < T, < 1. The individual eigenchannel transmissions add up to the total transmis-
sion T = " T,. One can also define a rectangular unitary matrix Ug[Ng x N] for

the right lead such that

ULtU, = diag{+/T,} (3.60)

The columns of Uy represent the outgoing part of the eigenchannel wavefunctions
at the right, formed by mixing the Bloch wavefunctions of the right lead, with a one-

to-one correspondence to the incoming channels at the left as shown in columns of Uy,
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The eigenchannel decomposition has the advantage of breaking up the transmission
into a set of "non-mixing” channels and thus the total transmission is the direct sum
of all contribution without any cross (interference) terms. Alternatively one can also

diagonalize the rectangular matrices t! and t using single value decomposition:

t' = UxDU; and t = Ul DU, (3.61)

The norm of the eigenvalues of the complex diagonal matrix gives the transmission
DD' = D'D = diag{T,}, and the phase information for the transmitted waves are
retained as 6, = arg(D,,).

Scattering theory assumes no knowledge about the scattering region and only
gives the description of the incoming and outgoing waves far from the scattering cen-
ter. The Green’s function’s method, on the other hand, works in the device subspace
without solving for the scattering states in the leads. To relate the two one must
recover the implicit scattering states within the device subspace. It can be shown
that the spectral function of the device region can be written as the sum of the left

and right contribution [41]:

Ac =i(Ge — GL) = iGa(GE! = GZNGL = GeT' LGl + GeTrGL = AL + Ag
(3.62)

where Ap r = G¢T L,RG“C represents the projection of the scattering states with
left and right incoming waves onto the device region. Diagonalization of the transmis-
sion matrix tft in the left lead space is equivalent to diagonalization in the eigenbasis
of A;. It was shown that the eigenchannel transmissions and wavefunctions in the

device region can be obtained by diagonalization of the Hermitianized matrix [41]:

T(E) = Tr(DLGLTRGE) = Tr((GRTLGE) TR(GETLGL)E)  (3.63)
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T a l a 1
U((GLI.G%)TR(GAT L GL)2)U = diag{v/T,} (3.64)
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Chapter 4

Quantum Interference Effect and
Conductance Switching of
Porphyrins Controlled by

Hydrogen Tautomerization

4.1 Quantum interference effect in single molecule

transport

One of the main interests in single molecule electronics is to employ the wave nature
of the electron to control current flow in nanoscale devices. The interference effects in
transport through aromatic systems, in particular the prototypical example, benzene,
have been studied both experimentally (42, 43] and theoretically [44, 45, 46, 47]. The
transmission of benzene varies by orders of magnitude when relative orientation of
thiol disubstitution is changed from para, ortho, to meta. In transport theory, it
is known that for single molecules, transmission at the Fermi level is dominated by
the tunneling mechanism in which the transmission coefficient T' decays exponentially

with electrode spacing, T o< e ?L, and the decay constant f is proportional to the gap
between HOMO and LUMO, / Zrzse—Lrono (48] Since the HOMO - LUMO gap is
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affected negligibly for all three systems in dithiobenzene, one may naively expect the
transmission ordering to be ortho meta para based on the tunneling length between
the two electrodes. Nevertheless, both experiments and theory have confirmed that

the transmission follows the order of para ~ ortho > meta.

BT
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Figure 4-1: Transmission of the benzene molecule calculated within the Hiickel model
with different electrode connections. The on-site energies and the hopping terms for
the p, orbitals are set to 0.0 and -0.5 eV, respectively. The coupling element between
the lead and the molecule is also set to be -0.5 eV.

4.1.1 The orbital view interpretation

This effect is generally attributed to the so-called quantum interference effect, which
implies that the electron goes through the molecule via multiple paths and the phase
difference between different paths determines constructive or destructive interference
for the transmitted wavefunctions, as in common wave interference experiments. Nev-
ertheless, the “branch current” interpretation is hardly applicable to molecular sys-

tems since the wavefunctions span the entire molecule and are not limited within
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certain parts of the molecule as the current flows through. The origin of the quan-
tum interference effect is essentially embedded in the underlying molecular symmetry
and the inherent electronic structure, and more specifically, the phase and the am-
plitude of the frontier orbitals on the anchoring atoms linking the molecule to the
electrodes [49]. In the orbital view interpretation proposed by Yoshizawa el. al. [49],
the Green’s function of the central region for a weak coupling system is approximated
by the zeroth-order Green’s function, which neglects the effect of lead self-energies,

and is expanded in terms of the molecular orbital basis |¢) of the molecule:

G(O)(E) _ Z = ’Z><Z| . (4.1)

where ¢; runs over all molecular orbital eigenenergies. Transforming to the local-
ized atomic orbital basis, we can get the Green’s function element between the linkage

r-th and s-th atomic orbitals to be

(g CriCs
GI(E Z Frine (4.2)

where ¢;; is the ¢th molecular orbital expansion coeflicient for the rth atomic or-
bital. Assuming the Fermi energy to be at the midgap between HOMO and LUMO,
for polyaromatic hydrocarbons (PAH) such as benzene, the occupied and unoccupied
orbitals are symmetric with respect to the Fermi level in terms of energy and AO
composition. It is then straight forward to show that the transmission at the Fermi
energy solely depends on the relative sign of ¢,; and ¢,; of the HOMO-n and LUMO+n

orbital pairs:
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e Er + 11 — €homo Er + “7 — €lumo
c'r,hmrw——lc* — Cr lumo+1 c; o
( ‘ s,homo—1 4+ : s,lumo+1 ) NI (43)
EF + 21 — €homo—1 EF + M — €lumo+1

* 3
G(o)(E) _( c",hmocs,homo + c'alu"wcs,lumo )

If the CruomoClyomo has the same sign as CrrumoCliryapo, each pair inside the

brackets cancels out and G, equals to zero, as in the case of meta-benzene shown in

{Ped O

Fig. 4-2

LUMO Symmetry allowed
HOMO Symmetry forbidden

Figure 4-2: Frontier orbitals of benzene and symmetry-allowed/forbidden routes for
electron transmission.

4.1.2 Molecular conductance orbital analysis

A different approach to interpret the quantum interference effect known as the molec-
ular conductance orbital (MCO) analysis has also been proposed [47]. Different from
the eigenchannel analysis, which has the advantage that by mixing orbitals one ac-
quires a set of non-mixing transmission channels with no cross terms, the MCO
analysis decomposes the transmission into the contributions from each molecular
orbital. As the name implies, molecular conductance orbitals resemble molecular
orbitals of the discrete molecular systems, but also account for lead-molecule inter-

actions. In other words, molecular conductance orbitals are the eigenvectors of the
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effective Hamiltonian H.s; = He + 31 + Zp, or equivalently, the eigenvectors of the
Green’s functionG™ = (E — H,.z;)™!. Since the self-energy terms are not Hermitian,
molecular conductance orbitals are generally complex, but still retain the one-to-one
correspondence to the unperturbed molecular orbitals. This is seen by first rewriting

the coupling functions I'y, into

Uy = her (i(0f = 00™) heo = (hevai) (ofhec) = mal  (44)

and similarly for the right lead; here ar g is the spectral function of the leads. In
the matrix representation yrr) = heor( R)alL/(;) is a rectangular matrix with dimension

L(R) x C. Transmission can then be rearranged in the following form

T(E) = Tt[0 LG TG = Tr[ypyl GTyrvh G
=T [(116m) (hGow )| = Tr(ee) (43)

A new transmission matrix with dimension L x R can then be defined as t' =
'yZG"yR. The matrix element t‘;ﬂ(E) represents the transmission coefficient from the
a-th orbital in the left lead to the 8-th orbital in the right lead and the total trans-

mission 7' = 3° 4 |t:‘xﬂ|2 is a sum over all lead orbital transmissions.

We can do a further simplification by adopting the wide band limit (WBL) ap-
proximation for the lead, in which the self-energy of the lead can be represented by a
constant imaginary number, and t essentially has dimension one by one and becomes
a number. Following the notation used in the previous orbital view discussions, if we
assume that the central region is connected to the left and right leads only through the
r-th and s-th orbitals respectively, then the 'yz and «yr matrices have only one nonzero

element each, (v})1, = /77 and (Yg)s1 = /7r. Matrix multiplication then reduces to
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t =11 = VAL /T = VRC(E) = VAR ) =3t

One can immediately see the similarity of the above formulae to Eq. 4.2, except
that instead of expanding in molecular orbitals. Eq. 4.6 contains full lead coupling
effect and is expanded in terms of the molecular conductance orbitals, while ¢;, c,; are
generally complex rather than real numbers, as in the zero-th order Green’s function
expansion. In the limit that electrode coupling goes to zero, the MCO analysis is
reduced to the simple orbital view of Sec. 4.1.1. Also note that the transmission
probability T = [t|? = [t1|>+ |ta|®+- - - + {185+ ¢1¢o + - - - now contains the cross terms
which naturally rationalize the interference effect from the molecular orbital point of

view.

4.2 Quantum interference effect in porphyrins

The discovery of the quantum interference effect has raised a lot of interest in de-
signing single molecular switches as functional electrical elements towards the minia-
turization of electronic circuits. A transformation based on isomerization (50, bond
cleavage [51] or an electrochemial reaction [52] often induces a change in molecular
symmetry which can in turn cause a change in transmission by orders of magnitude.
A quantum interference effect transistor (QuIET) [45] was recently proposed in which
the destructive interference of meta-connected benzene can be controlled by decoher-
ence and/or elastic scattering introduced by a third voltage probe or a side group.
Nonetheless, most of the proposed strategies to date remain at the “conceptual”
stage, either lacking controllable means or involving drastic conformational changes
that are incompatible with device setup. An ideal molecular switch, other than being
bistable and reversible, should have similar molecular frames and binding strengths to

the substrate before and after the switching event. These criteria can be fulfilled by
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the recently discovered hydrogen tautomerization reaction in naphthalocyanin [53],
in which the tautomerization reaction was induced by electron injection through a
STM tip under a bias voltage above the LUMO resonance, and can even be coupled
to neighboring molecules in an assembly. It would be interesting to investigate if the
aromatic porphyrin families as shown in Fig. 4-3, whose small bandgaps and planar
structures make them a perfect candidate for nanoscale device fabrication, also pos-
sess the quantum interference characteristic that can be accurately maneuvered by

the hydrogen tautomerization reaction.

(a)

Ep=3.18¢V 1.63eV 1.08 eV

Figure 4-3: The porphyrin family molecules:(a) porphyrin (b) tetrabenzoporphyrin
and (c) naphthalocyanin considered in this study. Also shown here are the HOMO-
LUMO gaps calculated with the PBE functional and 30/360 Ry cutoffs for plane wave
basis. It has been shown that the hydrogen tautomerization of (c¢) can be controlled
by a STM tip.

We first examine the symmetry of the frontier orbitals of the Dy, symmetric por-
phyrin molecule. As shown in Fig. 4-4, the HOMO has a; symmetry with respect
to both yz and zz planes and the almost degenerate LUMO and LUMO+1 orbitals
have the same nodal structure but are rotated by 90 degrees with respect to each
other as have been previously observed in STM measurement [53]. Considering the
shape of molecular frame and the most possible connection points common to all
porphyrin family molecules, we first look at four possible connection paths to the
left and right electrodes, namely AB, AC, DE, and DF. A close examination at
the relative phase and magnitude of the p, orbital coefficient in the frontier orbitals

indicates that only in the AB connection there might exist a destructive interference
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near the Fermi level since c4 o Mocj‘B’ Homo and ca Ly MOCB LUMO have the same sign,
while all the other connections have opposite signs for the two products and therefore
interfere constructively. Note that although porphyrins do not belong to the PAH
family and therefore do not have the symmetry between the occupied and unoccupied
7 orbitals, the HOMO and LUMO terms are still the dominant contribution in Eq.
4.2 since all the non-zero terms are much smaller and merely shift the position of the
conductance dip. Using Eq. 4.2 and considering only the HOMO and LUMO orbital
pairs, a transmission zero can be predicted for an ADB connection to lie at [ = —3.84

eV, only —0.6 eV away from the midgap Fermi level.

LUMO+1 LUMO+2
-2.20 eV -0.88 eV

e & oi'ee
s S B

HOMO HOMO-1 HOMO-2
-4.16 eV -4.38 eV -5.00 eV

Figure 4-4: (a) the connection sites of porphyrin to the left or right electrodes consid-
ered in this study and (b) the positions and wavefunctions of the frontier molecular
orbitals of porphyrin.

4.2.1 Transport properties of porphyrin family molecules

We perform the NEGF calculation in the zero-bias limit to find the transport prop-
erties for all possible paths between A — F' connection sites. The electronic structure
of the molecular part is first calculated with plane wave basis under periodic bound-
ary conditions and then a unitary transformation to maximally-localized Wannier

functions (MLWF) is performed to obtain the smallest possible orthogonal localized
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basis set that is compatible with the lead-conductor-lead formalism of the Green’s
function’s method. In order to represent in the MLWF basis not only the occupied
manifold but also 7* orbitals close to the Fermi level that are relevant to the trans-
mission, we include unoccupied states up to 10 eV above HOMO, and followed the
disentanglement procedure to separate localized molecular states from diffuse Ryd-
berg states. A selection of the MLWF orbitals for a porphyrin are shown in Fig. 4-5.
An s-like orbital is located in the middle of all ¢ bonds and a p, orbital are recovered
for all carbon atoms, as well as the nitrogen atoms in the pyrrole moiety. For the
other pair of nitrogen atoms the p, orbital is found to hybridize with the long pair
and give rise to two sp® long pair orbitals. In any case, the transformed MLWF basis
set accurately reproduces the electronic structure of the porphyrin and all molecular
orbital eigenenergies up to 5 eV above the HOMO level. For the lead part we adopt
the wide band limit (WBL) approximation. It is known that the use of WBL approxi-
mation is applicable to Au leads since the density of states of gold is quite flat around
the Fermi energy [44]. The self-energy of the lead can be represented by a constant
imaginary number, ¥, p = —i%T’RIaL,R)(aL,M where |ay g)is the p, orbital of the
linkage carbon atom, and the coupling constant 7z g is set to be 0.5 eV, following

typical estimates in other studies [45].

The transmission function for porphyrin, tetrabenzoporphyrin and naphthalo-
cyanin with the wide-band-limit approximation are shown in Fig. 4-6. Conforming to
what we have expected, a transmission zero appears for the AB-path within 1 eV from
the Fermi level for all three systems, and there are some other transmission paths, for
example, BD and AD, that show strong destructive interference effect near the Fermi
level. Since these transmission zeros are all rather accessible, an electrical switch can
simply be made by applying a gate voltage to tune the position of the Fermi level
[54]. More excitingly, the specific symmetry of the porphyrin-family molecules allows
for another degree of freedom. Upon hydrogen tautomerization, the AB-path and
DE-path change into one another and same for AD and BE (Table.4.1). If a gate

voltage can be applied to the molecule to tune the Fermi level to the energy where a
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Figure 4-5: Selected orbitals of the MLWF' basis of porphyrin. An s-like orbital is
located in the middle of all ¢ bonds and a p, orbital are recovered for all carbon
atoms, as well as the nitrogen atoms in the pyrrole moiety. For the other pair of
nitrogen atoms involved in 7 molecular orbitals, the p, orbital is found to hybridize
with the long pair and give rise to two sp® like orbitals.

transmission zero occurs, what is non-conducting (AB or AD) becomes conducting
(DE or AF) after the tautomerization, and vice versa, differing by orders of magni-
tude as in an ideal electrical switch. Even without any gate voltage fine-tuning, at
the Fermi energy the transmission between AD and BFE already differs by at least

one order of magnitude caused by the nearby conductance dip.

AB  DE
AC & DF
AD=CF & BE=AF=CD
AE = BF
BD = CE

Table 4.1: The equivalent paths of porphyrin-family molecules and their interconvert-
ing relationships upon hydrogen tautomerization

To quantify the molecular orbital contribution to the destructive interference, we
perform the molecular conductance orbital (MCO) analysis following the procedure
proposed by Solomons et.al [47]. We can now separate the contributions to the trans-

mission from each of the molecular conductance orbitals. For a generic transmission
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Figure 4-6: Transmission spectra calculated for (a) porphyrin (b) tetrabenzoporphyrin
and (c¢) naphthalocyanin molecules with lead treated by WBL approximation and
v,k = 0.5 eV. The linkage sites for different paths are labeled in Fig. 4-4(a). The

midgap Fermi level is marked by the dashed vertical line.
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zero, both the real and imaginary component of ¢ summed over all MCO’s has to be
zero. Fig. 4-7 shows the real and imaginary parts of the coupling coefficient in AD
and BE connections along with four biggest contributions from four nearest orbitals
to the Fermi level, from HOMO-1 to LUMO+1. Whenever the energy sweeps across
an MO energy, the real component crosses zero and the imaginary component shows
a spike. Any other zeros shown in the real components that do not correspond to
an MO energy level are caused by destructive interference. For the AD-path, both
the real and imaginary components are equal to zero at around £ = —2.8 eV (the
midgap Fermi level is around 3.2 eV), giving rise to an absolute transmission zero.
In comparison, for the hydrogen tautomerized BE-path, the transmission always has
finite values across the Fermi level. The coupling coefficients of the BD-path and
AE-path are very similar for both real and imaginary components except for a few
sign differences, revealing the close relationship between the two configurations, but

differ slightly at absolute magnitude which makes a zero in one case but not the other.

4.2.2 Porphyrins assembled between carbon nanotubes

We want to emphasize that although the above calculations are calculated with the
wide band approximation for the lead rather than the full LCR calculation including
also the metal lead atomistic details, this simpler analysis does capture the majority
of physics and is appropriate to describe and predict the transmission and interfer-
ence effects near the Fermi level. The difference between the present calculation and
a full LCR calculation would possibly come from the following: (1) the structural
relaxation of the molecule, which does not alter the molecular symmetry properties
in the absence of drastic distortion; (2) the lead-molecule coupling strength, which
should affect the peak broadening and the transmission between two closely-spaced
molecular orbitals (which does not happen at the Fermi level, but indeed happens be-
tween HOMO-1 and HOMO, or between LUMO and LUMO+1. ), and (3) inclusion
of o transmission, which would contribute extra non-zero terms to the 7 destructive

interference but is generally much smaller than 7 transmission at the Fermi level.
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Figure 4-7: The real(top) and imaginary(bottom) contributions to the transmission
from frontier molecular conductance orbitals of porphyrin linked to the leads through
AD- (left) or BE path (right). The black curves are the sum of all contributions
from all molecular conductance orbitals, and the contributions from HOMO-1(red),
HOMO(green), LUMO(blue) to LUMO+1(orange) are shown in dashed curves.

As a comparison, we also perform the full atomistic calculation using metallic
(5,5) CNT as the leads. Such systems have been made possible by the the recent
experimental breakthrough in manufacturing a spatial gap in single-wall carbon nan-
otubes and assembling organic molecules in between two CNT electrodes [10, 55|. The
optimized structures of our systems are shown in Fig. 4-8 for the AB and AD config-
urations. The porphyrin molecule is directly linked to a CNT edge atom, and an extra

linkage through the alkyl groups is inserted to maintain a rough coplanar structure,
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(a)

(b)

Figure 4-8: The top view and side view of optimized structures for (5,5)CNT-
porphyrin-(5,5)CNT through (a) AB-path (or BD-path in case of hydrogen tau-
tomerization inside the porphyrin) and (b) AD-path (or BE-path for hydrogen tau-
tomerized porphyrin) The strong coupling between the and the porphyrin @ orbital
and the CNT p, orbitals is indicated by the red bond.

which is known to provide good contact transparency. The transmission functions of
the (5,5)CNT-porphyrin-(5,5)CNT junctions with different linkage configurations are
shown in Fig. 4-9 along with the WBL counterparts shown in dashed curves. A high
similarity can immediately be noticed between the full atomistic calculation and the
one that contains only the porphyrin molecular Hamiltonian and a virtual lead. The
strong molecule-lead m — 7 coupling results in larger peak broadening and, in general,
higher transmissions at the Fermi energy. The absoclute transmission zeros observed
in the WBL approximation, which considers only pure 7 transmission, are smeared
out in real CN'T junctions due to o contributions, but the overall shape and symmetry
still closely resemble those calculated in the WBL approximation. The destructive
interference “dip” is particularly apparent in the BD and AD configurations. In
case of the AD(BF) linkage to CNT electrodes, the hydrogen tautomerization could
bring a conductance difference by two orders of magnitude. Comparing with previous
theoretical studies on molecular switches assembled between carbon nanotubes [56],

the system proposed in this study has the advantage that the switching mechanism
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is well-established and has been proven to be viable experimentally.

4.3 Porphyrin as a molecular bit

Last, we would like to propose another potential application of conductance switching
in porphyrins controlled by hydrogen tautomerization, that is, to serve as the smallest
memory unit in a computer. As an attractive building block for supramolecular sys-
tems, porphyrins have long been considered as potential candidates in nanoelectronics
[57]. Recently there has been a strong interest in developing multiporphyrinic sys-
tems with linear, cyclic, and cross-linked geometries through covalent or noncovalent
linkage strategies. The synthesis of the tetrameric porphyrins has also been achieved
in which four porphyrin units are linearly linked by three conjugated C-C bonds and
form a square planar sheet [58]. The superb structure, stability and flexibility in
terms of supramolecular assembly of the multiporphyrinic systems have inspired us
to consider porphyrin as the smallest possible molecular bit with the ”0” and 717
represented by the two hydrogen tautomeric states.

Take the 2-bit system made by a tape-porphyrin as shown in Fig. 4-10, the triply
linked fused diporphyrin [59], for example, the combination of the hydrogen tau-
tomeric states of each porphyrin gives rise to four memory states, 00, 01, 10, and 11.
Depending on the contact structures and symmetry properties, the four states can
be all uniquely defined or involve some degeneracies. The transmission functions of
the tape-porphyrin via different connection paths are shown in Fig. 4-11. Some con-
nections give more striking transmission difference between the three or four memory
states, such as 39, but even in connections where a definite transmission zero near the
Fermi level is missing, one can still easily differentiate memory states that differ by
one order of magnitude in electrical conductance. A more complex multiporphyrinic

system is likely to offer more striking difference between different memory states.

In summary, we have performed a detailed study of the quantum interference effect
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Figure 4-9: The transmission functions of (5,5)CNT-porphyrin-(5,5)CNT junctions
with different linkage configurations from full DFT calculations and the lead self-
energy treated atomistically. The corresponding curves of the same configurations
calculated with only the porphyrin molecule and the lead part treated by wide-band-

limit approximation are shown in dashed curves.
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Figure 4-10: A 2-bit tape porphyrin system representing the "01” memory state (”0”
and ”1” for the hydrogen configuration for the left and right porphyrins, respectively).
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Figure 4-11: The transmission functions of four different memory states of the 2-bit
tape porphyrin via different linkage sites as shown in Fig. 4-10

controlled by hydrogen tautomerization of porphyrinic systems. We have shown that
a minimal Wannier basis transformation of the porphyrin system combined with WBL

approximation for the lead part provide a simple and elegant approach in describ-
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ing the transmission through different molecular connection points, and essentially
captures all important physics without the expense of full-atomistic lead-molecule-
lead calculations. The porphyrin molecule offers a variety of desirable features and
is one of the most extensively studied macromolecules. Our study, based on the
experimentally-proven hydrogen tautomerization mechanism, provides useful insight
for important applications in molecular electronics: a fully controllable molecular
switch and a memory unit, which awaits for experimental realization in the near fu-

ture.
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Chapter 5

Conductance Switching in
Functionalized Carbon Nanotubes
via Reversible Sidewall Bond

Cleavage

5.1 Electrical conductivities in functionalized car-

bon nanotubes

Single-walled carbon nanotubes (SWNTSs) have been investigated for manifold appli-
cations owing to their special structural, mechanical and electronic properties [60].
Chemical functionalizations of carbon nanotubes can add to their versatility serving
different purposes in chemical sensing, modify the surface properties and solubilities,
and facilitate the assembly, separation and purification of CNTs [61, 62, 63]. Cova-
lent chemical functionalizations [64, 65] are especially relevant to manipulating the

electronic properties of CNTs in nanoscale electric devices, such as molecular diodes

or single molecular transistors.

In metallic CNTs, covalent functionalization of the sidewalls often reduces the elec-
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trical conductance by orders of magnitude due to the sp® hybridization brought upon
functionalization between CNT sidewall atoms and the addends that interrupts the 7
conjugation network of CNTs. This has been verified by first-principles calculations
[66, 67] as well as optical absorption spectra and electrical transport measurements
[68, 69, 70, 71]. In contrast, unlike the common [2+2] or [4+2] Diels-Alder reactions
where the sidewall bonds remain intact, in [14+2] cycloaddition functionalizations on
armchair CNTs first-principles calculations have shown that the strain of the cyclo-
propane ring introduced by divalent addends such as carbenes or nitrenes leads to
sidewall bond cleavage, recovering sp? hybridization and thus preserving conductance
[72, 67). While the experimental work confirming the effect of dichlorocarbene func-
tionalization is currently in progress, it has already been observed that the formation
of an ether like oxygen bridge on the CNT sidewall in redox cycling gives high con-
ductance due to sp? conjugation, in contrast to the low conductance observed in other

functionalities [73].

In all of these studies, it appears that a molecular switch with the capability of
controlling CNT conductance in response to an external optical, chemical or electrical
stimulus is highly desirable, and could have applications for molecular devices, chem-
ical sensors, and imaging. Recent theoretical studies have revealed the possibility of
tuning bond-cleavage chemistry of [14-2] cycloadditions on CNTs through the orien-
tation of the unsaturated 7 bonds of the addend with respect to the CNT surface [74].
In our previous study on the model system of dinitrocarbene-functionalized CNTs,
we found that the bond-closed configuration is greatly stabilized when the plane of
the addend 7 system bisects the base of the cyclopropane ring moiety. This stabiliza-
tion effect was originally attributed to the enhanced interaction between the addend
7 and the cyclopropane Walsh orbitals, which weakens the anti-bonding interaction
of the sidewall bond [75]. The bridgehead carbon atoms can reversibly rehybridize
from sp? to sp® in response to addend 7 orientation, implying a switch-like behavior.
Nevertheless, for dinitrocarbene-functionalized CNTs the bond-closed configuration

is unstable. The addend prefers to rotate out of cyclopropane conjugation, resulting
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in only one stable open configuration that is impossible to manipulate. An isoelec-
tronic carboxyl group was suggested to control bond-cleavage by the intramolecular
hydrogen bond [74], but the hydrogen bond strength is too weak to offer bistability.

The closed-bond configuration is a saddle point rather than a local minimum.

In this chapter, we systematically explore the cycloaddition functionalizations on
carbon nanotubes using first-principles calculations. We characterize the structure
and the electronic structure of armchair CNTs with various addends and provide
an in-depth analysis of the underlying mechanisms that determine reversible bond-
cleavage chemistry. We find that the high strain energy in the cyclopropane moiety
can be compensated by a through-space m orbital interaction between the addend
and the CNT, which lowers the HOMO energy significantly in the closed-bond con-
figurations. A bond opening or closing switch marked by large conductance change
can therefore be devised by modulating the proximity between the addend 7 system
and the tube surface with optical, chemical or electrochemical means. We explore
strategies for reversible bond cleavage using redox or hydrolysis reactions, cis-trans
isomerization or excited state proton transfer and verify the marked change in CNT
conductance with the addend in either the "on” or ”off” configuration by quantum

transport calculations.

5.2 Mechanisms for closed-bond stabilization in [142]

cycloaddition functionalization

Previous studies [72, 74| have shown that simple carbenes or nitrenes bearing only
saturated moieties give an open sidewall bond, leaving very little room to maneuver
for switching purposes. In this study we focus mostly on the interaction between
unsaturated addends and the CNT surface, and more specifically on the closed-

bond stabilization offered by unsaturated addends in the perpendicular orientation.

83



When considering only the cyclopropane moiety on the functionalized armchair car-
bon nanotubes, the simplest rationalization for closed-bond stabilization comes from
the. through-bond o-n interaction [75] (Fig. 5-1). It withdraws electron density from
the HOMO of cyclopropane to the LUMO of acetylenes, causing a decrease in the bond
length of the cyclopropane base but an increase for the lateral bond lengths. The bond
variation in substituted cyclopropanes, however, is typically smaller than 0.05 A, sug-
gesting this might be a less significant effect. On the other hand, a CNT is certainly a
lot more complex than a cyclopropane. The sidewall bond-breaking chemistry of func-
tionalized armchair carbon nanotubes is reminiscent of the valence tautomerism of
1,6-methano[10]annulene and the even more relevant methanofullerenes. During the
search for improved electron-accepting organofullerens for photovoltaic applications,
it was found that the quinone-type methanofullerenes or fluorenefullerenes that con-
tain unsaturated moieties perpendicular to the surface of the fullerenes have a less neg-
ative first reduction potential than the parent Cg, or other type of methanofullerenes
by as much as 70 mV. The peak positions can be further tuned by electron donating
or withdrawing groups attached to the addend. This phenomenon was ascribed to a
through space -1 interaction, which was called ”periconjugation” (76, 77, 78]. The
intramolecular electronic interaction between the 7 orbitals of quinone and nearby
carbon atoms of Cgg, separated by a spiro carbon atom, results in more extended
conjugation, which possibly improves its electron accepting ability. As shown by
the X-ray crystal structure, fullerene has an essentially [5]radialene-type electronic
structure, i.e. the [6,6] bonds possess more double bond character while the [5,6]
bonds are more single-bond like. The fact that the isolated fluorenefullerenes were
exclusively [6,6] fullerenes rather than [5,6] fulleroids also implies the existence of
this stablizing interaction. As a relevant digression here, it is worth mentioning that
unlike carbon nanotubes in which the sidewall bond lengths are largely affected by
the addend identity, CNT curvature and chirality, in organofullerenes it is well known
that experimentally only the kinetic [5,6]-open and the thermodynamic [6,6]-closed
adducts were observed in most cases, whereas [5,6]-closed and [6,6]-open counterparts

are almost never found due to the unfavorable endocyclic pentagon double bond con-

84



jugation [79]. This might be the reason why the same rotational bond-cleavage effect

of dinitrocarbene substituent does not exist in fullerenes as in CNTs [74].
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Figure 5-1: Two possible contributing effects for closed CNT sidewall bond stabiliza-
tion: (a) through bond o-7 interaction in cyclopropane and (b) through space m-m
periconjugation in quinone-type methanofullerene

5.2.1 TUnsaturated addend orientation effect

In order to study the effect of addend 7 system orientation, we use 1,6-derivatized
naphthalene (1,6-methano-[10]annulene, 1) and pyrene (8,16-methano([2.2|metacyclophane-
1,9-diene, 2) as molecular homologues of a functionalized CNT to investigate behav-
iors of different addends [72]. The distance between the two bridgehead atoms 1 and
6 of 1, dis, is largely dictated by the substitutional group X [80]. The valence tau-
tomerisation between 1 (2) and bisnorcaradiene (cyclopropale|pyrene) corresponds
to the open and closed configurations of a functionalized armchair CNT. A short di¢
around 1.6 A would correspond to a closed sidewall bond, and an elongated d;s over
2 A would correspond to a broken sidewall C-C bond in a [142] cycloaddition func-
tionalized CNT. Prior to introducing more complicated effects such as the curvature
of CNTs, we first study on these molecules the potential energy surface (PES) along

di¢ with different substitutional groups, in which the dj¢ is fixed at each point along
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the 1D-PES and all other degrees of freedom are fully relaxed unless further specified.
X
L |
= e —
1 2

Figure 5-2: The molecular homologues of a functionalized CNT" 1,6-derivatized naph-
thalene (1) and pyrene (2). The bond length between the bridgehead carbon atoms
dig depends primarily on the identity of the addend X. The similarity between the
local structure of a [1+2] cycloaddition functionalized CNT and the 2 is also shown.

First of all, to rule out the orientation effect of unsaturated substitutional groups,
we look at 2 with X=C(CHO), (abbreviated as pyrene-C(CHO), in the following)
with the C=0 double bonds pointing at different directions as shown in Fig. 5-3. As
reported in previous studies, the addend prefers the unconstrained "flat” 7 plane as
the most stable conformation in which the sidewall bond dy¢ is open, and in the con-
strained perpendicular 7 plane conformation, the dig bond between two bridgehead
atoms prefers closed. Between the two constrained perpendicular 7 plane conforma-
tions, however, we find that the closed bond configuration can be stabilized by about
0.2 eV more in the "0 side” orientation in which the C=0 double bonds lie closer to
the pyrene backbone than in the ” O top” orientation. This is a strong suggestion that
the major closed-bond stabilization comes from periconjugation. The closed bond is
stabilized the most when the addend 7 has maximal overlap with the pyrene backbone
m-system. On the other hand, the through-bond cyclopropane conjugation would not

have been affected by the proximity between the oxygen atom and the pyrene surface.
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Figure 5-3: Potential energy surface as a function of dig for 2 with X=C(CHQ), in
different conformations. The closed-bond configuration is stabilized more when the
C=0 double bonds are closer to the pyrene backbone in the constrained perpendicular
"0 side” orientation.

5.2.2 Periconjugation effect

The addend 7 bonds by nature prefer the flat orientation if they are left free to
rotate, but they can be "locked” in place by a ring structure such as the cyclopenta-
dienyl (CsHy) group. To further examine the strength of the periconjugation effect,
we study the potential energy profile along dys of 1 and 2 with various saturated
and unsaturated ring substitutional groups as shown in Fig. 5-4. Each point in Fig.
5-4 corresponds to a full relaxation with only one geometry constraint, d;s, and the
energy minimum under this constraint would correspond to the lowest energy ground

state of the system, which is also confirmed by vibrational frequency calculations.

As can be seen clearly in Fig. 5-4, for both 1 and 2, the closed configuration is sta-
bilized more when the addend 7 system spans longer and leans toward the aromatic

plane. The stabilization strength goes in the order of C50;H4-diketone > CsO2Hy-

87



dienol > CsH, diene, much greater than the saturated CsHg or CH,. For the case of
2, the closed configuration is stabilized significantly more when X=C50sH,-diketone
than when X=CsH, by as much as 0.7 eV. This is another strong proof for the ex-
istence of the periconjugation effect as these substitutional groups are highly similar
in structural motif and electronegativities. Any kind of inductive effect, if it exists,

shall only differ slightly and shall not cause such a dramatic stabilization.
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Figure 5-4: Potential energy surface as a function of dyg for (a) 1 (b) 2 functionalized
with ring substituents. The zeros are set at dig=2.20 A to mark the release of roughly
same strain energy.

The origin of periconjugation stabilization can be revealed by an analysis of the
eigen orbital evolution along dg. The Walsh diagram of 1,6-methano[10]annulene (1)
with X=CH, and X=C50,H,-keto are presented in Fig. 5-5. The occupied a5 and un-

occupied b are relatively unaffected by the dig bond length and remain roughly flat.
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The two by orbitals involve the antibonding interaction along d,5 and are lowered in
energy as the bond length increases. On the contrary, the two a, orbitals involve the
bonding interaction and are raised in energy with increasing bond opening. The most
striking difference between X=CH; and X=C50,H;-keto is the significant lowering in
energy of by in X=C505Hy-keto. The occupied by orbital shows electron density delo-
calization between the 7 of naphthalene backbone and C=0 double bonds and even
switched ordering with a;. This gives the overall stabilization of X=C503H-keto in

closed configuration.
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Figure 5-5: Walsh diagram along dj¢ of 1 for systems (a) without and (b) with
periconjugation. The equilibrium bond lengths are also marked. The dashed curve
in (b) is an orbital in the same energy window but with the density mostly located
on the substituent and should be safely left out of discussion.

To this point, periconjugation is only expected to exist in perpendicular unsat-
urated addends. In our search among saturated addends, however, we find that for
both 1 and 2, X=CsHg is also more stabilized in the closed configuration than X=CH,
is. This might be caused by the difference in the relative rotational orientation of
the C-H bonds adjacent to the spiro carbon atom with respect to the cyclopropane
moiety. To verify this, we look at simpler substituents such as dimethylcarbene. We

note that the rotation of the methyl groups also introduces a slight periconjugation
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effect. The methyl groups can exist in two conformations, staggered or eclipsed with
respect to the cyclopropane lateral bonds (Fig. 5-6); both conformations predict an
open sidewall bond with a shallow potential energy surface. The staggered methyl
groups, as expected, give a more stable structure by 0.2 eV than the eclipsed ones do,
but the energy barrier for the dig bond to close in the eclipsed methyl conformation
(0.12 eV) is only one half of that of the staggered methyl conformation (0.19 eV).
Fig. 5-6 also shows the HOMO and HOMO-1 for both structures at dig = 1.6 A.
The staggered molecule follows the same orbital ordering as in X=CH, and gives an
a; HOMO and a b, HOMO-1, while in the eclipsed molecule, the two C-H ¢ bonds
sticking towards the naphthalene backbone on both sides of the top C atom stabilize
the by orbital, showing a similar, although to a minor extent, through space orbital

interaction mechanism as in the case of perpendicular unsaturated substituents.

T I T I T I T I T
+ i staggered @ eclipsed 8

H H
Hig, o

Energy (eV)

Figure 5-6: (a) Potential energy surface as a function of dig for 1 with X=C(CHs)2
in staggered and eclipsed conformations. The frontier orbitals of two conformers at
die = 1.6 A are also shown here.
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5.2.3 CNT curvature effect and the bent-graphene model

The tautomerization between the bond-open and bond-closed form depends largely
on the chirality and curvature of the CNT. In the case of zigzag and armchair CNTs,
two types of C-C bonds exist: the ”axial” bonds A (the C-C bonds that are more ” par-
alle]” to the tube axis) and the ”orthogonal” bonds O (the C-C bonds that lie more
"perpendicular” to the tube axis). For both types of tubes, computational studies
have shown that the A bond forms a closed-bond three-membered ring upon carbene
cycloaddition and the O bond undergoes a sidewall bond opening upon carbene in-
sertion [72, 81]. The reaction energy defined as AE = Ecnr—func — Eont — Efunc
increases linearly as the curvature increases for both modes of addition reactions,
but the functionalized CNT is always more stable in the open O bond configuration
than in the closed A bond configuration since the former involves a release of strain.
Here we focus our discussion only on armchair CNTs, and on the [142] cycloaddi-
tion reactions to the orthogonal sidewall bond, which opens up in most cases upon
cycloaddition reaction but may be brought back to the closed configuration in the
presence of special closed-bond stabilizing effect. The orthogonal bonds in zigzag or
chiral tubes should have similar behavior but also depends specifically on the angle

of each C-C bond with respect to tube axis.

As mentioned above, for the orthogonal bonds in armchair CNTs, the open bond
configuration is favored in high curvature CNTs so as to release the strain, but as
the tube grows larger and the curvature decreases, the closed bond configuration is
gradually lowered in energy and eventually becomes more stable (for tubes larger
than an (18,18)-CNT [72]). For small tubes, however, the competition between peri-
conjugation and the curvature effect determines the equilibrium between a closed and
an open sidewall bond. We investigate a similar set of unsaturated substituents as in
Fig. 5-4 on a bent graphene model to represent the real CNT curvature effect. The
carbon backbone of the 12-angstrom wide bent graphene nanoribbons is taken from

CNTs with different curvatures, with the edge hydrogenated. The curvatures of the
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bent graphene nanoribbons are preserved by freezing the edge carbon atoms during
later geometry optimizations. The bent-graphene model is used to study the effect
of CNT curvature in a systematic and efficient way. The carbon backbone of the
bent graphenes is taken from CNTs with different curvature, with the graphene edge
hydrogenated. The edge carbon atoms of the graphene nanoribbon are frozen in later
geometry optimizations with the addends to keep the curvature. The bent graphene
derivatives are found to represent excellently the full carbon nanotubes functional-
ized with CHy (Fig. 5-7) with the energy difference within 0.1 eV. In cases involving
unsaturated addends such as C(CN),, the bent graphene model shows stronger closed-
bond stablization, which can be rationalized by the fact that the narrow graphene
fragments are richer in 7 electrons and would induce stronger periconjugation effect.
In any case, the difference between the bent graphene model and a true CNT is
within 0.2 eV in the bond-closed configurations, but extra care needs to be taken in
predicting the behavior of a functionalized CNT when the bond-open and bond-closed

configurations are close in energy tested on a bent graphene model.

Fig. 5-8 shows the relaxed sidewall bond length of different bent graphene deriva-
tives as a function of curvature. For unconstrained X=C(CHO),, the sidewall bond
is always open up to the ”(12,12)” bent graphene, while for X=C505Hy-keto which
exhibits the strongest periconjugation effect, the sidewall bond is always closed even
for the smallest (5,5) bent graphene (It should be noted here that for this particular
substitent, the open and closed configurations are very close in energy for ”(5,5)”
bent graphene, in real (5,5) CNT CsO,Hy-keto actually gives an open configuration).
Other addends showing intermediate periconjugation show transitions from open to

closed at different critical curvatures.

Any single substituent among these on a carbon nanotube will be useless for
switching purposes since it only gives one configuration rather than a bistable ground
state. Instead, the substituents studied in Fig. 5-8 should be seen as basic molec-

ular modules that can be chemically transformed between each other. For example,
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Figure 5-7: Potential energy surface as a function of sidewall bond length d;s for CNT
and bent-graphene with (a) X=CH, and (b) X=C(CN),. The carbon backbone of the
bent graphene nanoribbon is taken from CNTs with different curvatures. The edge
carbon atoms (hydrogenated carbons) are kept fixed in later relaxations to preserve
the curvature.

the cyclopentadienyl-functionalized (8,8) CNT, in principle, can be hydrogenated (if
manipulated properly so that only the = bonds on the addend react) to give rise to
the cyclopentane CsHg substituent accompanied by a nanotube sidewall bond open-
ing. Similarly, the cyclopentadiene ring can be cleaved to give some structure like
X=C(CHO),, and a functionalized (10,10) or (12,12) tube shall respond with a con-
ductance change. Indeed, two of the substituents in Fig. 5-8, C50sH4-enol and
Cs505Hy-keto, are already tautomers to each other and could perfectly serve as a
switch for a (6,6) tube if one is able to stabilize selectively either enol or keto form
in different chemical environments. Overall, the tubes with diameters around 0.8 to
1.4 nm have more flexible bond lengths and can be functionalized as conductance

swtiches based on vertical transitions between different curves in Fig. 5-8.
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Figure 5-8: Sidewall equilibrium bond distance C;-Cg (dy6) for bent graphenes repre-
senting (n,n) CNTs

When a functionalized tube is switched from the open to the closed bond configu-
ration, another complication that may arise is the relative stability between a closed
axial bond A and a closed orthogonal bond O, and the possibility for the substitutional
group to "migrate” to an adjacent C-C axial bond. For a carbene functionalized (5,5)
tube, the fully relaxed open O configuration is 1.2 eV more stable than the closed A
configuration, but even the constrained closed O bond is still more stable than the
closed A bond configuration by about 0.5 eV [82]. In the presence of periconjugation,
the situation can be slightly more complicated since the distance between the addend
7 system and the tube surface is be different when the addend is attached to an
A bond or an O bond. For a functionalized tube prepared as the "open” O bond
(which is absolutely thermodynamically favored) then transformed to the ”closed” O
bond configuration chemically (to be discussed in the following section), we presume
that as long as the chemical transformations on the addend part do not involve any

biradicaloid mechanism, the addend is likely to remain on the same attachment site
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(i.e. the O bond) and is unlikely to ”walk” to an adjacent A bond. In any case, forA
conduction switching purposes, both a closed O and a closed A bond will give low

conductivities since they both disrupt severely the = manifold of the CNT.

5.3 Conduction Switching on Functionalized Car-
bon Nanotubes

Apart from the keto-enol tautomerization mentioned in the last section, here we
propose several other switching mechanisms that could suit different experimental
conditions and device setups. These switches can be controlled by chemical reactions
or optical excitations. Fig. 5-9 gives an overview for the switching mechanisms we
propose. The switching can be achieved by breaking a bond in the 5-membered ring,
e.g. in a hydrolysis reaction of an ester or an amide bond (Fig. 5-9(a)), or by removal
of the C=0 double bonds, e.g. by reducing the diketone to a diol (Fig. 5-9(b)). Al-
ternatively, the switching can also take place by tuning the spatial proximity between
the addend 7 system and the tube surface, e.g. by imine cis-trans isomerization (Fig.
5-9(c)), or by shifting the conjugation on the addend (keto-enol transformation) in
excited-state proton transfer (ESPT) (Fig. 5-9(d)). For all the systems considered
in the following, we consider the addition reaction to the orthogonal sidewall bond
of the armchair (6,6) CNT, and perform in each case full structural relaxations in a

supercell containing 5 primitive unite cells (i.e. 120 CNT carbon atoms).

5.3.1 Switching via chemical reactions

As shown in Fig. 5-10, hydrolysis and redox reaction products successfully give stable
open and closed configurations, as expected. The CNT sidewall bond is closed with
the lactone or diketone substituent, and is open with free carboxyl groups or diol ad-

dends. Based on our study of the curvature effect using the bent pyrene model (Fig.
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Figure 5-9: Proposed conductance switching mechanism in functionalized armchair

CNTs. The addends are attached to the C-C bonds perpendicular to the CNT axis
labeled on the bottom of the figure.

5-8), we predict that the hydrolysis switch should be able to work for tubes ranging
from (6,6) to (12,12), and the redox switch should work for tubes from (6,6) to at
least (8,8) or even (10,10). From a synthetic point of view, attaching such functional
groups to a CNT sidewall should be feasible. For example, to prepare a hydrolysis
switch, a malonate moiety can be introduced relatively easily by the well estabilished
Bingel reaction [83, 68]. Experimentally, the reaction process in a solution will possi-

bly require extra care to avoid unwanted damage to the tube surface under redox or

acid/base conditions.
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(b)

Figure 5-10: Relaxed structures of a functionalized (6,6) CNT with (a) lactone and
free carboxyl groups shown in Fig. 5-9(a) and (b) diketone and diol addends shown in
Fig. 5-9(b). The CNT sidewall bond is closed with the lactone or diketone substituent,
and is open with free carboxyl groups or diol addends.

5.3.2 Switching via optical excitations

An optically controlled switch, in contrast, is less straightforward to design since
the bond-breaking or conjugation-shifting in response to optical stimulation is more
demanding on the overall molecular electronic structure. We propose tentatively
the imine cis-trans isomerization and the excited state proton transfer (ESPT) as
optically controlled conductance switches. In the imine cis-trans isomerization, the
open-closed sidewall bond transformation is determined by the conformation of the
N-H bond. This happens since the strength of periconjugation is highly sensitive to
the spatial proximity between the addend double bonds and the tube surface. It is
known that in the fullerene counterpart, when two benzene rings are fused to the
quinone moiety in the quinone-type methanofullerenes, the first reduction potential
becomes more negative rather than more positive, i.e. it becomes an even worse
electron acceptor. This was accounted by the steric hindrance effect between the
"peri” hydrogens and the surface of Cy, [78]. We study the ground state potential
energy surface of bent graphenes with X=cis or trans cyclic imines (we arbitrarily
differentiate the two conformers as cis (when the peri-hydrogens point toward the
tube surface) or trans (when the peri-hydrogens point away from the tube surface)
isomers, see Fig. 5-11) and found that at a critical curvature (in this case the bent

graphene representing (6,6) CNT), a change as simple as a cis-trans isomerization

97



would indeed induce a sidewall bond-cleavage, while tubes smaller or larger than this
critical size will have only closed or only open configurations for both isomers. In
practice, however, the imine cis-trans isomerization will be difficult, if not impossible,
to manage. Unlike the well known light-initiated cis-trans isomerization of azoben-
zenes or stilbenes, photoinduced rotation along the C=N (or C=C, N=N) double
bonds for simple imines (or ethylene and diimide) so far has not been observed ex-
perimentally due to technical difficulties (the excitation energy needs to be extremely
high; around 100-200 nm far-UV light). But numerous theoretical investigations have
proven that photoisomerization is likely to happen through a conical intersection be-

tween the ground and the first excited state at the femtosecond time scale [84, 85, 86].
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Figure 5-11: Potential energy surface as a function of dys for (5,5)-, (6,6)-, or (8,8)
bent graphenes functionalized with X=cis- or trans-cyclopentadiimine. The relaxed
structure of functionalized (6,6) bent graphene in the equilibrium bond length are
also shown.

For ESPT (shown in Fig.Fig. 5-9(d)), we are able to locate two local min-

ima for the normal(the cyclopentadiketone) and the proton-transfered tautomer(the
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cyclopentadiene-diol) for the hydrogenated substituents alone (not attached to the
CNT). The forward and reverse reaction barriers in the ground state for this proton
transfer reaction are 0.50 eV and 0.28 eV, respectively. Nevertheless, when these
addends are attached to the CNT, both normal and tautomer substituents give an
open sidewall bond for a (6,6) tube and both give a closed sidewall bond for a (7,7)
tube. This again demonstrates the ”spatial sensitivity” of periconjugation. When the
C=0 double bonds of the cyclopentadione are attracted towards the hydroxyl groups,
the distance between the C=0 double bonds and CNT surface increases slightly, the

periconjugation decreases, and the sidewall bond opens.

5.3.3 Switching via quinone-quinol transformation

Alternatively, an intramolecular hydrogen bond can be tuned to control the distance
between the C=0 double bond and the tube surface. As shown in Fig. 5-12, the hy-
drogen bonded cyclopentadione and the quinol moiety shall render the sidewall bond
of a (6,6) tube open, but the intramolecular hydrogen bonding can be easily removed
by either an oxidation or an acid/base reaction. The diketone C=0 double bonds are
therefore released and the (6,6) CNT sidewall bond will be closed. The oxidation of
a quinol into a quinone can happens in a milder condition than the diol oxidation,

which should be less harmful to the CNT itself and more favorable in this respect.

5.4 Quantum conductance of functionalized CNT's

5.4.1 Singly functionalized CNTs

The conductivity of the proposed switches in the on and off states on CNTs are also
investigated. Fig. 5-13 shows the quantum conductance of a singly functionalized
(6,6) carbon nanotube with either lactone/acid or the diketone/diol addend pairs de-
signed in Fig. 5-9 (a) and (b). While the conductances for the "open” configurations
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Figure 5-12: Proposed conductance switching mechanism by tuning the intramolecu-
lar hydrogen bonding between the quinol and the cyclopentadione moiety. On a (6,6)
CNT, the hydrogen bonded addend (in the middle) shall render the CNT sidewall
bond open, while removal of the hydrogen bonds will induce a bond closure.

(the acid and the diol) are negligibly affected and can hardly be distinguished from
the pristine conductance around the Fermi level, the conductances of the ”closed”
configurations (the lactone and the diketone) are lower. Nevertheless, the conduc-

tances at the Fermi level for both cases remain close.

5.4.2 Multiply functionalized CNTs

The quantum conductance for large scale randomly functionalized carbon nanotubes
is also computed to simulate real experimental conditions. The quantum conduc-
tance is taken as an average from 20 different configurations with functional groups
randomly (both translationally and rotationally) attached to a nanotube. Fig. 5-14
is an illustration of one of the 20 constructed configurations with 5 addends. The
Hamiltonian matrix of the central region (H¢) of the multiply functionalized CNT is
constructed by assembling H¢,’s of individual singly functionalized CNT segments,
taking into account all possible rotated equivalent positions and random lengths of
pristine CNT segments inserted in between. The multiply functionalized carbon nan-
otubes computed has an average addend density of about 1 addend for every 200

carbon atoms, comparable to the experimental density in typical [1+2] cycloaddition
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Figure 5-13: Quantum conductance of an infinitely long (6,6) carbon nanotube with
a single functionalization. The solid lines correspond to the lactone/acid addend pair
and the dashed lines correspond to the diketone/diol addend pair. The red color are
for the "open” (acid and diol) and the black color are for the ”closed” (lactone and
diketone) conformations. The quantum conductance of the pristine tube is also given
in the brown dashed line as a reference. The quantum conductance depends more on
the "open” or "closed” conformations rather than on the specific addend identity in
a wide energy range around the Fermi energy.

functionalizations. This addend density ensures no loss in transferability of each in-
dividual singly functionalized H¢, matrix, and should be seen as an upper bound for

the conductivity measured experimentally in more densily functionalized CNTs.

The difference is greatly magnified in multiply functionalized CNTs. Fig. 5-15
shows the quantum conductance of a 22 nm, 47 nm or 67 nm-long (6,6) CNT func-
tionalized with 10, 20, or 30 addends, respectively, for the diketone/diol switch pair.
The strong scattering of the 7 electrons in a window of about 2 eV around the Fermi
energy in the "closed” conformation is evidenced by the increasing drop in quantum
conductance with the degree of functionalization. The quantum conductance is re-

duced by about 13% from 1 to 10 addends, another 23% from 10 to 20 and at last
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Figure 5-14: Ilustration of the methodology used to construct Hamiltonian matri-
ces for large disordered functionalized carbon nanotubes. Shown here is a carbon
nanotube functionalized with 5 groups. The computed quantum conductance is an
average from 20 different configurations.

another 29% from 20 to 30 addends in the "closed” (diketone) case. On the contrary,
the "open” (diol) case shows only a 2% reduction from 1 to 10 addends, another
3% from 10 to 20, and another 3% from 20 to 30 addends. The average quantum
conductance at the Fermi level functionalized with 30 addends in “closed” confor-
mation drops to about 0.87 whereas it remains at about 1.84 in the “open” case.
The fundamental origin of this strikingly different behavior goes back to the earliest
prediction: the sidewall bond breakage in the "open” configuration preserves the m
network, while in the "closed” conformation only a o-like Wannier function is left,

destroying locally the 7 conjugation, as shown in Fig. 5-16.

In summary, we have identified the role of through-space periconjugation in con-
trolling the sidewall bond-cleavage chemistry in [1+2] cycloaddition functionalized
CNTs. We have predicted that a functional group similar to the CsOsHy-ketone moi-
ety with carefully arranged m orientations with respect to the CNTs could strongly
stabilize the closed conformation even for CNTs with the curvature as high as that of
a (6,6) tube. We have proposed possible conduction switching mechanisms that cover
different CNT diameters and can be applied in different experimental environments
and device setups, controlled by chemical, electrochemical or optical means. Our
transport calculation verifies that the quantum conductance changes significantly in
the on or off state. These switches, if realized experimentally, should have practical

applications in nanoscale electrical devices and sensing.
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Figure 5-15: Average quantum conductance (in units of 2¢%/h) of 20 randomly func-
tionalized (6,6) carbon nanotubes with 10, 20 or 30 addends. Both types of addends
are considered (ketone in black and diol in red). Inside a given set of conductance
curves (black or red), the highest curve represents 10 addends and the lowest curve
represents 30 addends. The quantum conductance of a pristine (6,6) carbon nanotube
is given in dashed line as a reference.
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(b)
Figure 5-16: Visualization of (a) the “p,”-like Wannier orbitals in the “open” confor-
mation and (b) the “o”-like orbital in the “closed” conformation in the diketone/diol
addend pair. The strong scattering introduced in the “closed” conformation is caused

by the disappearance of the two p, Wannier orbitals, which disrupts the 7 manifold
of the CNT.
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Chapter 6

Improved Intertube Electrical
Conductivity of Carbon Nanotube
Networks Cross-Linked by

Transition Metals

6.1 Electrical conductivities in CNT networks

While the assembly and connection of individual SWNTs to metal contacts remain
a challenge and impede practical applications, carbon nanotube thin films can be
readily fabricated and show reproducible characteristics [87]. As a result, there has
been increasing enthusiasm for using single-walled carbon nanotube (SWNT) net-
works as transparent conductive thin films in various electrochemical applications,
ranging from electrodes for solar cells, organic light emitting diodes, to transpar-
ent transistors [88, 89, 90]. A wide range of conductivities, from 12.5 S/cm [91] to
6600 S/cm [92] have been reported for SWNT films, but regardless of fabrication
methods and SWNT types used, all experimental values are orders of magnitude
lower than single SWNT fibers (axial conductivity ~ 10000 to 90000 S/cm) owing

to poor electronic tunneling at intertube junctions [92, 93]. A typical fabrication

105



process of SWNT thin films involves blending the nanotubes into a matrix polymer
for good dispersion and suspension, which causes severe limitations in nanotube-to-
nanotube carrier hopping. Chemical functionalizations with conductive polymers are
commonly employed to improve conductivity as well as to make mechanically stronger
nanocomposites. Nevertheless, most functionalized SWNT networks show further re-
duced electrical conductivity by 2 to 3 orders of magnitude due to interruption of
m-conjugation, charge trapping, or steric hinderance of bulky functional groups [92].
In the few reported examples where the conductivity of a polymer-nanotube compos-
ite does improve, the results are controversial and depend strongly on morphology
and fabrication methods [94]. While it was suspected that the conductivity was dom-
inated by the conductive polymer alone, rather than of nanotubes [95]; neither the
cooperative nature between the CNTs and the polymer linkers nor the mechanism of
electron tunneling through a linker at intertube junctions has ever been addressed in
detail. Therefore, the optimization of SWNT networks and a detailed understanding
of their electronic properties shall offer considerable scope for the development of

SWNT-based electronics.

Many first-principles studies have focused on assembling molecular electronic de-
vices by attaching single molecules between two SWNT ends [10, 55], but few have
explored the possibility of sidewall functionalizations as an alternative way to cross-
link SWNTs. It has been shown that a near-transparent nanotube-molecule-nanotube
junction is possible through careful arrangement of the molecular orientation and
linkage sites with respect to the tube terminals [96, 97, 98, 56], but the conductivity
would depend strongly on the linker identity, linkage site, molecular conformation
and SWNT chirality. As a result of high experimental uncertainties and difficulties
in manipulating the SWNT-molecule-SWNT junctions on the atomic scale, the ob-
served electric conductance remains poor in most experiments [99, 10, 55, 3]. On
the other hand, sidewall-functionalizations were rarely considered as a possibility to
enhance intertube coupling. This can be attributed to the following two reasons:

First of all, most sidewall functionalizations inevitably lead to unfavorable disrup-
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tion of the intrinsic nanotube sp? conjugation. Second, the o bonds of the sidewall
functional groups, which are perpendicular to the tube, can hardly be coupled to
the 7 conjugation which runs along the SWNT surface. Nevertheless, for structures
like SWNT networks, sidewall functionalizations could employ much more attach-
ment sites and can potentially increase the intertube conductance more effectively
than end-functionalizations. It would be highly desirable if a sidewall linker could be
designed, without the extreme specificity required for end-functionalizations, to serve

the same purpose of improving intertube conductivity.

In this study, we use first-principles calculations to address the issue of low electri-
cal conductivity in carbon nanotube networks. We first use polyacene as a prototype
model system to study the effect of sidewall linkers on intertube conductivity, and
then move on to large scale nanotube calculations. We briefly discuss the nature
of intertube tunneling of bare SWNT junctions and the limitation of common or-
ganic polymer linkers. We then explore the effect of transition metal adsorption on
CNT surfaces, and find the strong coupling between the transition metals and the

sandwiching CNTs may lead to a solution that has never been considered in this field.

6.2 Intertube conductivity of the polyacene model

6.2.1 Band structure of the polyacene model

Polyacene can be seen as the narrowest possible nanoribbon which preserves the elec-
tronic structure characteristic of a metallic armchair SWNT marked by the crossing
of valence and conduction bands and a quantum conductance of 2 at the Fermi level.
The entire p, manifold of polyacene is retained in the MLWF transformation to accu-
rately describe the band dispersion around Fermi level. Fig. 6-1 shows the Wannier
Function interpolated band diagram which matches perfectly to the plane wave cal-

culation up to 3 eV above Fermi energy. The conduction band minimum of polyacene
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lies 3.14 eV above the Fermi level at the I' point and exhibits near free electron char-
acter. The 7 bands are strongly hybridized with the ¢* bands and cannot be clearly
distinguished, as evidenced by the PDOS projection onto all carbon p, orbitals. The
MLWF transformation, containing the full p, manifold but not the p, or p,’s, can-
not perfectly trace the physical first unoccupied band curve close to the I' point.
The quantum conductance calculated following Landauer formula with MLWF basis
shows the typical step-like behavior with each step corresponding to the sharp van

Hove peak of the density of states (DOS).
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Figure 6-1: The band structure, quantum conductance, and density of states of pris-
tine polyacene. The wannier function interpolated band structure and density of
states are shown in red circles and red dashed lines, respectively. The solid curves
are calculated from full plane-wave basis calculation.
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6.2.2 Intertube tunneling without linkers

A typical van-der-Waals distance between two graphene layers in graphite or CNT
tubes in SWNT mats is around 3.5 A. The natural intertube transmission unassisted
by cross-linkers is simulated by laying a short pentacene molecule on top of a broken
polyacene junction with both terminals hydrogenated. When the distance between
the bridging pentacene is (unphysically) brought closer than 2 A, the substantial hy-
bridization between the 7 orbitals of the pentacene bridge and the underlying poly-
acene junction preserves the majority of conductivity around Fermi level, as shown
in Fig. 6-2(a). As the distance between the layers is larger than 3 A, the interaction
between the 7 orbitals of the upper and lower layers significantly decreases and the
conductance reduces to discrete resonant peaks. The width of the transmission peaks
reduces as the inter-plane distance increases, showing the typical resonant transport
characteristics in systems where the molecules are only weakly coupled to the leads.
The first peak below Fermi level (0.4 eV) corresponds well to the HOMO level (0.37
eV) of isolated pentacene and is right-shifted monotonously towards the Fermi level
as the bridging oligoacenes are extended from pentacene to decacene, as can be seen

in Fig. 6-2(b).

6.2.3 Intertube tunneling with covalent linkers

In order to improve the intertube conductivity by a sidewall functionalized organic
polymer, an ideal sidewall linker must be able to couple the frontier orbitals to those of
the nanotubes and must be conductive itself. It would be best if the linker could pre-
serve the conductivity of pristine CNTs as much as possible, especially for high-degree
functionalizations. To fulfill all the above criteria, we first consider the [142] cycload-
ditions of carbenes or nitrenes which are able to preserve conductance [72, 67] of the
nanotube through a sidewall bond cleavage, as has been proven by first-principles
calculations. [72, 67] The linker we test on the polyacene model has an aromatic

moiety (as in most conductive polymers) substituted with two nitrene groups which
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Figure 6-2: The quantum conductance of a broken polyacene junction bridged by
(a) a pentacene molecule with varying adsorption distance (b) different nanoribbon
fragments in which the adsorption distance is fixed as 3A

connect to the CNT-surface, e.g. a nitrene-linked pyrazine. We suspect that the
long pair p, orbital on the nitrene atoms might be able to couple the 7 orbitals of
SWNT to the aromatic 7 orbitals, and thus, increase intertube tunneling. If that
were true, then the orientation effect of the pyrazine group would also have an effect.
We perform a relaxation calculation and find that the most stable configuration for
the pyrazene-nitrene-linked polyacene junction is for the pyrazine plane to lie per-
pendicular rather than parallel to the polyacene axis, but both configurations give
essentially zero conductance at the Fermi level. The sparse narrow peaks are also
characteristic of resonant tunneling and indicate no substantial coupling between the
two leads. This result could only be explained by the increase of inter-polyacene
junction distance from the natural 3.5 A to 7 A, further deteriorating already poor
tunneling. This scenario corresponds to the experimental situation where the exis-
tence of polymer cross-linkers could push CNTs further away from each other and

affect negatively electrical conductivity.
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Figure 6-3: The quantum conductance of a broken polyacene junction bridged by a
covalent pyrazene-nitrene linker

6.2.4 Intertube tunneling with transition metal coupling

Alternatively, we temporarily shift our focus away from typical organic polymers and
turn to coordination chemistry on SWNTs. We consider a sidewall functionaliza-
tion via coordination with transition metals, inspired by ferrocene-based molecular
wires[100]. Transition metals are well known for their versatile bonding scheme with
aromatic systems, including the sandwich-type metallocenes. It was recently shown
experimentally that when two extended polyphenylethynyl fragments were connected
by a ferrocene unit in the middle, the conductance at zero source-drain bias V was
significantly improved with respect to the ferrocene-absent analog, and a broad reso-
nance peak 30 meV above the Fermi level was revealed by first-principles calculations.
This is because the d orbitals of transition metals are close to the Fermi level and
interact strongly to the 7 orbitals of the conjugated backbone. For our purpose it
might be reasonable to first consider a junction containing a chromium atom since
Cr is known to form the stable metallocene, bis(benzene)chromium, which shares the

same hexagonal aromatic moiety as CNTs.

We examine three structures of polyacene involving Cr coordination and intertube-

tunneling as shown in Fig. 6-4. The relaxed inter-plane distances are around 3.30
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Figure 6-4: The quantum conductance of A). a pristine polyacene scattered by a
bis(benzene)chromium defect, B). a broken polyacene junction bridged by a chromium
atom, and C). a broken polyacene junction bridged by an adsorbed pentacene and
two sandwiched chromium atoms.

A for all three systems. The strong hybridization between Cr d orbitals with the
polyacene 7 orbitals acts as a strong scattering center for the perfect polyacene chain
(structure A in Fig. 6-4), decreasing the transmission to 30% of that of the undoped
pristine polyacene, but also serves as an excellent electrical bridge for broken poly-
acene segments for the same reason. All three systems give a broad transmission
feature, and show a quantum conductance around 0.6 at the Fermi level and a sharp
resonant peak at 0.25 eV below Fermi energy. The eigenchannel analysis of the trans-
mission spectrum of structure B shown in Fig. 6-5 reveals a conjugated eigenchannel
traversing the entire molecule from lead to lead at Fermi level, giving rise to high
transmission. It is evident to see that the broad band at Fermi level originates from
the HOMO-2 in bis(benzene)chromium involving Cr d,, orbital which strongly cou-
ples to the p orbitals of both benzene molecules. The resonant peak slightly below the
Fermi level corresponds to the HOMO in bis(benzene)chromium with Cr d,= orbital,

which only weakly interacts with the benzene 7 orbitals.
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(a) (b)

Figure 6-5: (a) The eigenchannel decomposition and the density of corresponding
eigenchannels of quantum conductance of configuration B in Fig. 6-4 near the Fermi
level; (b) The energy and frontier molecular orbitals of bis(benzene)chromium.

6.3 Intertube conductivity of carbon nanotubes

6.3.1 Carbon nanotube junctions cross-linked by transition

metals

The bulk conductivity of a macroscopic CNT network is a very complicated quantity
since it can only be described by the percolation model, which depends on the length,
the morphology and the atomistic structure at the contact of CNTs. Our polyacene
model system study shows that the transmission of a broken polyacene junction can
be improved dramatically by a single transition metal atom doping. Nevertheless, a
polyacene chain is only one-benzene wide so it should not come as a surprise after
all that an n°-coordinated transition metal atom could almost fully connect the =
orbitals between the top and bottom polyacene fragments. A CNT, on the other
hand, has much larger dimension and only a small fraction of the 7 orbitals between

two tubes can be directly coupled by a single TM-atom doping. Thus it becomes
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interesting to investigate how much improvement on the poor conductivity of CNT

networks can be achieved by transition-metal coordination.

In the past coordination chemistry was a less studied topic in the field of CNTs,
but recently more diverse functionalization of CNTs have been explored by deco-
rating the CNT sidewall with transition metals. It has been experimentally shown
that the CNTs nanocomposites doped by transition metal nanoparticles have great
potential applications in fuel cells, sensing, catalysis, hydrogen storage and magnetic
nano-devices. As for single atom transition metal complexes, experimental works
incorporating iridium, rhodium, and osmium complexes with CNTs have been stud-
ied [101, 102, 103] and theoretical calculations concerning CNTs functionalized by
transition metals such as Cr(CO); and OsO4 or Vaska’s complex have also been per-
formed [104, 105, 106]. The coordination between the transition metals and the CNT
7 manifold can vary between 7%, n* or 78, involving two, four or six  electrons on
the CNT surface, respectively, but for most TMs the most stable configuration is the
nb-coordination where the TM atom lies about 1.5 A above the center of a hexagon,
which is the same configuration assumed in the polyacene model. In order for the
transition metal to couple the 7 orbitals between different nanotubes, it must be able

to form a local sandwich structure between neighboring CNTs.

We start by calculating the binding energies and stable geometries of a single TM
atom adsorbed on a CNT, or sandwiched between two CNTs. The binding geometries
are determined by optimizing all atomic positions including the adsorbate atom and
5 units of carbon atoms of a (5,5) CNT (120 or 240 atoms for one or two CNTs,
respectively). The first binding energies are obtained when a single TM atom is ad-

sorbed to the surface of a single CNT, from the expression

E}! = Er[CNT] + Er[TM] — Er[TM-CNT] (6.1)
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in terms of the total energies of the fully optimized bare nanotube (E+[CNT), the
free transition metal atom (Er[TM]), and the TM adsorbed SWNT (Er[TM+CNT)),
of the lowest magnetic ground states, respectively. We define the second binding en-
ergy as the energy further released when a second tube is absorbed to a TM-decorated
CNT, giving rise to a "sandwich” structure. The secondary binding energy E} is cal-

culated with the equation:

E? = Er[CNT] + Er[TM-CNT] — Er[CNT-TM-CNT] (6.2)

vov <

‘J\U’b =

Atom  dpy-c (A) B} (V) p(pp)  drm-c (A) B} (V) p(up)

Se 2.34 2.04  1.03(1) 2.42 210  1.03(1)
Ti 2.28 1.97  2.36(2) 2.34 227 212(2)
Y 2.31 1.50  4.30(3) 581 2.08  3.46(3)
Cr 2.47 0.37  6.20(4) 2.34 1.37  4.85(2)
Mn 2.54 042  6.29(5) 2.38 1.06  4.99(3)
Fe 2.25 0.96  4.40(4) 2.31 145  3.09(2)
Co 2.15 1.26  1.98(1) 2.29 128 3.24(3)
Ni 2.16 1.56 0 2.39 1.01 0

Cu 2.40 0.38  1.04(1) 2.42 082  1.03(1)
7n 4.04 0.05 0 4.11 0.12 0

Table 6.1: Calculated binding energies (F}, Ef as defined in Eq. 6.1 and Eq. 6.2),
average carbon-TM atom distances (dry—c), and the absolute magnetization per unit
cell up (the number of unpaired electrons is listed inside the parenthesis) of a single
TM atom adsorbed on (Left): the surface of a (5,5) CNT or (Right): between two
(5,5) CNTs.

The geometry, binding energy, and magnetic moment of the single TM atom ad-
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sorbed to the CNT are presented in Table 6.1. The calculated values for E; are
comparable to a single TM atom adsorbed on to a (8,0) or a (6,6) CNT in other
studies [107]. Owing to the curvature effect, the binding energies are higher for single
transition metals adsorbed on SWNT surfaces than on the graphene surfaces and are
in the range of 0 to 2 eV, indicating significant chemisorption. The binding is the
strongest for early transition metals such as Sc, Ti, and V, and is the weakest for
half-filled (Cr, Mn and Fe), or fully-filled TM metals (Cu and Zn). Surprisingly, al-
though Cr is known to form the stable bis(benzene)metallocene, it gives the smallest
binding energy (0.37 eV) other than zinc when it binds to a single CNT. A further
detailed examination reveals that the small binding energy comes from the fact that a
free Cr atom has an extremely stable half-filled configuration 4s'3d®, rather than the
formation of a specifically unstable adsorption structure. The second binding energy
E} is comparable to E} for most metal atoms, except in the case of half-filled metals
(Cr, Mn, and Fe), where the second adsorption event could release 0.5 to 1 eV more
energy than the first one since the initial state involves no particularly stable free
metal atoms. The intertube distance in a sandwich structure is around 3.4 A, which

is also close to the natural pi-pi stacking distance in graphite.

The interaction strength between a single TM to the CNT surface is directly re-
flected by the conductance calculation of a pristine CNT adsorbed by a single TM
atom as shown in Fig. 6-6. The quantum conductance in the spin up channel in
Fig. 6-6(a) shows strong scattering for partially filled 3d transition metals Sc, Ti,
V, Cr, Co, Ni and weak to negligible scattering when the spin up 3d orbitals are
completely filled as in Mn, Fe, Zn. In the spin down channel, the transport shows
strong scattering characteristic for all partially filled 3d metals except for Cu and Zn
(Fig. 6-6(b)). The interaction strength could be correlated to the half width of the
transmission ”valleys” which represents the extent of scattering when the 7 channel
of a pristine CNT is perturbed by the 3d orbital of the TM. The early transition met-
als, Sc, Ti, V, Cr, show broad scattering features in both spin up and down channels

compared to other 3d atoms and are expected to offer a stronger coupling between
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Figure 6-6: The (a) spin up and (b) spin down quantum conductance near the Fermi
level of a (5,5)-CNT scattered by a single first-row transition metal adsorption (in the
configuration of the left of Table 6.1. The quantum conductance of a pristine (5,5)
CNT is shown in the black dashed curve.

adjacent nanotubes and a better intertube conductivity in a nanotube junction. Se-
lected atoms are studied in the CNT-TM-CNT sandwich connection configuration as
shown in Fig. 6-7. At a first glance it is already stunning to see such high intertube
quantum conductance could ever be achieved in a SWNT junction. Of the few metal
atoms tested, Ti, V, Cr shows particularly broad transport features around the Fermi
level and could recover the quantum conductance up to about 0.8 Gy (the quantum
conductance of a pristine armchair CNT in this energy window is 2 Gp). This is a
dramatic improvement over unconnected nanotube junctions, which shows essentially
zero conductance at the Fermi level. Note that in Fig. 6-7 the configuration of the

"no TM” junction is taken directly from the CNT-Cr-CNT structure by removing the
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Figure 6-7: Quantum conductance near the Fermi level of a (5,5)-CNT junction
connected by a 3d transition metal. The quantum conductance of the same junction
without the transition metal is shown in the "no TM” curve, with the geometry
directly taken from the CNT-Cr-CNT structure by removing the central Cr atom, to
show the contribution of through space tunneling between the 7 orbitals unassisted

by TM coordination.

central Cr atom. In realistic scenarios the intertube conductance of a SWNT junction
is likely to be even lower since the tubes would slightly push each other away from the

3.2 A, the surface distance between adjacent tubes pulled by the transition metals in

the CNT-TM-CNT junction.

6.3.2 Nitrogen doped carbon nanotube junctions cross-linked

by transition metals

If the intertube conductivity of SWNT networks can be improved by transition metal
coordination, then the main question left would be that if one is able to disperse

the TM metals in a CNT networks in the way that neighboring tubes are coupled
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Atom dry-n (R) Bl (eV) p(us)  dru-n (A) Ef (eV) u(us)

Sc 2.01 6.83 0 2.19 514 1.20(1)
Ti 1.93 6.69  1.45(1) 2.12 5.37 0

\Y 1.91 6.11  3.23(2) 2.08 496  2.71(3)
Cr 1.88 424  4.48(3) 2.06 487  4.06(4)
Mn 1.94 419  5.59(4) 2.02 3.92  3.19(3)
Fe 1.87 197 4.65(3) 2.01 3.97 0

Co 1.85 520  2.66(2) 2.02 3.04  1.11(1)
Ni 1.84 504 1.66(1) 2.11 280  2.36(2)
Cu 1.88 3.81 0 017 1.95  1.23(1)
7Zn 2.01 1.73  1.08(1) 2.18 3.26 0

Table 6.2: Calculated binding energies (E}, Ef as defined in Eq. 6.1 and Eq. 6.2),
average nitrogen-TM atom distances (dra—n), and the absolute magnetization per
unit cell pp (the number of unpaired electrons is listed inside the parenthesis) of a
single TM atom adsorbed on (Left): the surface of a (5,5) CN;NT or (Right): between
two (5,5) CN,NTs.

efficiently to each other through the local sandwich junction formation, or, in other
words, whether such a junction is experimentally possible. SWNTSs have been used
as support material for the dispersion and stabilization of metal nanoparticles and
the hybrid materials offer several applications in catalysis, nanoelectronics, and op-
tics [108, 109]. Nevertheless, most studies are limited to noble metal nanoparticles,
e.g. Au, Ag, Pt, Pd and involve pre-treatment on the CNTs such as acid oxidations,
which could impair the electrical and mechanical properties of the CNTs. Alterna-
tively, it has recently been proposed to utilize N-doped CNTs (the CN,NTs) as a
support material to immobilize various TM nanoparticles. The pyridine-like nitrogen
configurations, which have been found to be the favorable structure in CN,NTs both

from first-principles calculations and XPS measurements [110], could lead to a strong
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hybridization between the TM atom and the nitrogen atoms even in the absence of
pre-modifications. This could be a promising and useful characteristic for enhancing

intertube conductivity by TM coordination.

2.5

L ! I
3 (a) spin up channel
]

2.0

1.5

G (e®h)

1.0

0.5

0.0

2.5

2.0

1.5

G (e?/h)

1.0

0.5 _

0.0 i | il S | l | . ! .

Figure 6-8: The (a) spin up and (b) spin down quantum conductance near the Fermi
level of a (5,5)-CN,NT scattered by a single first-row transition metal adsorption (in
the configuration of the left of Table6.2. The quantum conductance of a pristine (5,5)
CNT is shown in the black dashed curve; the quantum conductance of a (5,5) CN,NT
is shown in the black dotted curve.

To quantify the effect of pyridine-like defects in nanotube-TM coupling, we again
study the geometry, binding energy, and magnetic moment of the single TM atom ad-
sorbed to CN,NTs as presented in Table 6.2. The obtained binding energy, geometry
and magnetic structure are comparable to previous studies of TM metals attached to
a pyridine defect on a (10,0) CNT [111]. The first thing to note is that the binding
energies of most 3d transition metals to the (5,5) CN,NT range from 4 to 6 eV and

are on average three times or higher compared to a pristine (5,5) CNT, due to the
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Figure 6-9: Quantum conductance near the Fermi level of a (5,5)-CNT junction
connected by a 3d transition metal. The quantum conductance of a pristine (5,5)
CNT is shown in the black dashed curve.

multiple TM-N bonds formed at the pyridine vacancy sites. Recent first-principles
calculation predicts high possibility of forming single TM atom adsorption on these
pyridine sites. The energy barrier for a metal to disperse to another position on the
tube surface was estimated to as high as 7 eV [111] and thus such is unlikely to hap-
pen. The secondary binding energies are also on average two times higher than those
of CNTs. One thing to note is that the intertube distance of a sandwich structure in
the CN_NT could be bring to as close as 3 A by the transition metals, which is at
least 0.5 A shorter than the natural = — 7 stacking distance. This indicates that the
bonding between the TM atom and the pyridine moiety is strong enough to overcome

the natural repulsion between neighboring tubes.

Typically N-doped CNTs are expected to show n-type or metallic behavior and
greater electron mobility since the extra electron from the graphitic nitrogen atoms

would create a donor state close to the Fermi level, but a pyridine-like nitrogen doping
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does not contribute to electron carriers. Rather, the local pyridine structure induces
a highly defective trap state [112] and appears a large dip near the Fermi level in the
transport of a (5,5) CN,NT as in Fig. 6-8. Nevertheless, the quantum conductance
of a CN,NT is largely recovered by the adsorption of a metal atom to the pyridine
site, indicating that the broken 7 bands of the tube is reconnected by the TM 3d
- nitrogen 2p bonding. Unlike the case of TM-CNTs where only some of the metal
atoms would induce strong scattering in the transport (Fig. 6-6), the transmission
of the CN_NT is affected by all traction metals significantly, including zinc. Never-
theless, the transmission "dips” of TM-adsorbed CN,NTs have narrower half-widths
comparing to TM-doped CNTs since the TM metal does not interfere directly to the
7 orbitals of a CNT atop as in a TM-doped CNTs in the metallocene configuration.
The quantum conductance calculation of the CN,NT junction connected through the
pyridine-TM-pyridine sandwich structure also shows significant improvement, as high
as 1.0 Gy, as shown in Fig. 6-9. It was found that in this configuration the two tube
terminals come extremely close to each other and are only 2.6 A apart. Therefore
it can be expected that the conductance would also include substantial contribution
from direct intertube tunneling. Such a short intertube distance is unlikely to exist in
real SWNT networks, but even an intermediate intertube distance and a TM sand-
wiching moiety (e.g. a TM coordinated to the n® ring of one tube and the pyridine

site of the other tube) should offer much better intertube conductance.

In summary, we have studied the intertube conductivity in a SWNT network
with first-principle calculations on SWNT junctions. We have shown the limitations
of intertube tunneling in bare CNTs or CNTs functionalized with common organic
polymers. Alternatively, we find the intertube tunneling can be greatly enhanced by
transition metal adsorption on CNT surfaces. The adsorption geometries and binding
energies of first-row transition metals on a (5,5) CNT or sandwiched between two (5,5)
CNTs are studied systematically. We also find that the nitrogen-doped CNT binds
with TM atoms three times stronger than pure CNT does. Such sandwich structures

are thus more likely to exist in TM-doped CN,NT networks and could offer significant
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enhancement on electrical conductivities of SWNT networks by orders of magnitude

from current experimental findings.
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Chapter 7

Conclusions

In this work, we apply the Landauer formalism in a basis of maximally localized
Wannier functions to study the electronic structure and quantum conductance of
nanoscale materials. We perform detailed studies on transmission of single molecules
governed by quantum interference effect, conductance switching of functionalized car-
bon nanotubes controlled by sidewall bond cleavage, and intertube conductivity of
nanotube junctions bridged by transition metal atoms. We demonstrate how minute
differences in the atomistic details could have a huge impact on transport properties
throughout different scales, ranging from a few nanometers in a single molecule to

micrometers in an extended carbon nanotube or carbon nanotube networks.

For single-molecule transport, we show that a minimal Wannier basis transformed
Hamiltonian for the molecular part in conjunction with the wide band limit approx-
imation for the lead part is sufficient to provide quantitative results and is able to
capture all important physics without the expense of full-atomistic lead-molecule-lead
calculations. A detailed study of the quantum interference effect controlled by hy-
drogen tautomerization of porphyrinic systems is performed. We also show that the
frontier orbital symmetry interpretation for quantum interference effect is the zeroth
order approximation to the recently proposed molecular conductance orbital analysis.
In porphyrin family molecules, the quantum interference effect could lead to orders of

magnitude in transmission at or near the Fermi level when hydrogen tautomerization
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occurs, which essentially marked the behavior of a single molecular switch. The on/off
electrical transmission of porphyrin molecules may also be used as a novel memory
device in which each porphyrin unit in the organically assembled ”tape-porphyrin”
systems serves as one ”quantum bit” and has two hydrogen tautomeric states repre-
senting ”0” and ”1”. This could lead to important breakthroughs in the fabrication

of molecular memory circuit.

In the second study we identify the role of through-space periconjugation in con-
trolling the sidewall bond-cleavage chemistry in [1+2] cycloaddition functionalized
CNTs. While almost all divalent functionalizations on CNTs break the sidewall
bonds in response to the high tension in the cyclopropane moiety formed in [142]
cycloaddition reactions, a carefully arranged m orientations of the functional group
with respect to the CNT surface could strongly stabilize the closed bond conformation
even for CNTs with very high curvature. Exploiting the periconjugation effect, we
investigate major classes of chemical functionalizations well within reach of experi-
mental capabilities that allow for instantaneous and reversible control of conductance
controlled by chemical or electrochemical means. As opposed to most of the work
in molecular electronics, where microscopic control and repeatability remain major
issues even under the most careful conditions, this study applies directly to nanotube-
based devices, covering broad classes of chemical functionalizations, and resulting in

effects that are extremely robust.

Although the conductivity of single nanotubes can be manipulated by chemical
functionalizations, at present most realistic applications of CNTs are carried out in
the form of CNT networks or thin films, in which the transmission is dominated by in-
tertube rather than intratube conductivity. We offer potential solutions to a realistic
experimental problem in carbon nanotube networks that has rarely been considered
in theoretical studies. The CNT junction cross-linked by transition metals shows
an increase in transmission over 2 orders of magnitude compare to bare (un-linked)

junctions, where the only mechanism of electron transport is tunneling which quickly
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decays exponentially with intertube distance. The strong hybridization between the
d orbitals in transition metals with the 7 orbitals in a CNT serves as an excellent
electrical bridge for broken polyacene or CNT junctions, as shown in the eigenchannel
analysis. We find that the binding energies between single transition metal adatoms
and SWNT can even be improved to three times or higher when a pyridine-like de-
fect is involved in the nitrogen-doped CNTs. Even though the pyridine defect is a
strong scattering defect compare to the pristine CNT, the transition metal adsorption
recovers largely the transmission at the Fermi level, and couples as efficiently the 7

systems of adjacent nanotubes as in the CNT-TM-CNT system.

Finally, we would like to emphasize that in choosing and designing our model
systems, we have been especially careful in ensuring that the systems we studied are
well within reach of experimental capabilities or can be directly related to current ex-
perimental setup. Throughout the course of our pursuit, we have come to realize that
although the unconstrained imagination of theoreticians could lead to undiscovered
territories, overly impractical (or even incorrect) assumptions would only result in
meaningless calculations and may not provide much substantial information regard-
ing realistic breakthrough. Therefore it is our sincere hope that the studies carried
out in this thesis could contribute to a novel paradigm for molecular and nanoscale
electronics, and serve as a reference and a source of inspiration for future experimen-

tal studies.
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