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hile the assembly and connection

of individual SWNTSs to metal con-

tacts remain challenging for prac-
tical applications, carbon nanotube thin
films can be readily fabricated and give
reproducible characteristics.' As a result,
there has been increasing enthusiasm to
use single-walled carbon nanotube (SWNT)
networks as transparent conductive films in
various electrochemical applications, rang-
ing from electrodes for solar cells, organic
light emitting diodes, and transparent
transistors.>~> A wide range of conductiv-
ities, from 12.5 S/cm® to 6600 S/cm’ have
been reported for SWNT films, but regard-
less of the fabrication methods and SWNT
types used, all experimental values are or-
ders of magnitude lower than single SWNT
fibers (axial conductivity, ~10000 to 90000
S/cm), owing to poor electronic tunneling at
intertube junctions.”® A typical fabrication
process for SWNT thin films involves blend-
ing the nanotubes into a matrix polymer
for good dispersion and suspension, but
severely limiting, at the same time, nano-
tube-to-nanotube carrier hopping. Chem-
ical functionalizations with conductive poly-
mers are commonly employed to improve
conductivity, as well as to make mechani-
cally stronger nanocomposites. Neverthe-
less, most functionalized SWNT networks
show further reductions in electrical con-
ductivity by 2 to 3 orders of magnitude due
to the interruption of w-conjugation in the
tubes, charge trapping, or steric hindrance
of bulky functional groups.” In the relatively
few reported examples where the conduc-
tivity of a polymer-nanotube composite
does improve, results depend strongly on
the morphology and fabrication methods.”'°
It has also been suggested that conductivity
could be dominated by the conductive
polymer alone, rather than that of the
nanotubes.'® In any case, neither the nature
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ABSTRACT

We address the issue of the low electrical conductivity observed in carbon nanotube networks

using first-principles calculations of the structure, stability, and ballistic transport of different

nanotube junctions. We first study covalent linkers, using the nitrene—pyrazine case as a

model for conductance-preserving [2 + 1] cycloadditions, and discuss the reasons for their

poor performance. We then characterize the role of transition-metal adsorbates in improving

mechanical coupling and electrical tunneling between the tubes. We show that the strong

hybridization between the transition-metal d orbitals with the 7z orbitals of the nanotube can

provide an excellent electrical bridge for nanotube—nanotube junctions. This effect is

maximized in the case of nitrogen-doped nanotubes, thanks to the strong mechanical

coupling between the tubes mediated by a single transition metal adatom. Our results suggest

effective strategies to optimize the performance of carbon nanotube networks.

KEYWORDS: first-principles calculations - carbon nanotube networks -

quantum conductance - transition metals

of bonding between the CNTs and the
polymer linkers nor the mechanism of elec-
tron tunneling through a linker at intertube
junctions have ever been addressed in
detail. Therefore, engineering and optimi-
zation of SWNT networks, together with
a detailed understanding of their elec-
tronic properties, still offer considerable
scope for the improvement of SWNT-based
electronics.

Many first-principles studies have focused
on assembling molecular electronic devices
by attaching single molecules between two
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SWNTs' ends,""'? 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
can be obtained through a careful arrangement of the
molecular orientation and linkage sites with respect to
the tube terminals,’®~'® but the conductivity of such a
system would depend strongly on the linker identity,
linkage site, molecular conformation, and SWNT
chirality. As a result of experimental uncertainties and
difficulties in manipulating SWNT—molecule—SWNT
junctions at the atomic scale, the observed electric
conductance remains poor in most experiments.''"'%17:18
As opposed to end functionalizations, sidewall function-
alizations have rarely been considered as a possibility
to enhance intertube coupling from a theoretical point
of view. This can be attributed to the following two
reasons: First, most sidewall functionalizations inevita-
bly lead to an unfavorable disruption of the intrinsic
nanotube sp? conjugation, leading to a strongly de-
creased electrical performance.'® Second, the o bonds
of the sidewall functional groups, which are perpendic-
ular to the tube, can hardly be coupled to the =
conjugation which runs along the SWNT surface.
Nevertheless, for structures like SWNT networks, side-
wall functionalizations can offer many more attach-
ment sites and can potentially increase the intertube
conductance more effectively than end functionaliza-
tions. 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 this issue of low electrical conductivity in
carbon nanotube networks. We first use polyacene as
a prototype model system to study the effect of side-
wall 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 covalent
linkers. We then explore the effect of transition metal
adsorption on CNT surfaces, and find the strong elec-
tronic coupling between the transition metals and the
sandwiching CNTs, together with strong mechanical
coupling, particularly in nitrogen-doped tubes, may
lead to novel solutions that have not been considered
in this field.

RESULTS AND DISCUSSION

Intertube Conductivity of a Polyacene Model. Band Struc-
ture of a Polyacene Model. Symmetric (sym) poly-
acene®® can be seen as the narrowest possible model
system which preserves the electronic structure char-
acteristic of a metallic armchair SWNT, marked by
the crossing of valence and conduction bands and a
quantum conductance of 2e°/h at the Fermi level . The
entire p, manifold of sym-polyacene is retained in the
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Figure 1. Band structure, quantum conductance, and den-
sity of states of pristine polyacene. The band structure and
density of states calculated from maximally localized Wan-
nier functions are shown in red circles and red dashed lines,
respectively. The solid curves represent a fully converged
plane-wave basis calculation.

transformation to maximally localized Wannier func-
tions (MLWFs)?'?? to accurately describe the band
dispersion around the Fermi level. Figure 1 shows the
Wannier-interpolated band diagram, which matches
perfectly the plane wave calculation up to 3 eV above
the Fermi energy. The conduction band minimum of
polyacene minimum lies 3.14 eV above the Fermi
level at the T" point and exhibits nearly free-electron
character, while the 7* bands, strongly hybridized
with the o* bands, cannot be clearly distinguished, as
evidenced by the projected density of states (PDOS)
onto all carbon p, orbitals (for these reasons the
MLWEF transformation, containing the full p, manifold
but not the p, or p,'s, cannot perfectly trace the
physical first unoccupied band close to the T point).
The Landauer quantum conductance calculated with
the MLWFs basis'® shows the typical step-like beha-
vior with each step corresponding to the sharp Van
Hove Singularities of the density of states (DOS).
Intertube Tunneling without Linkers. The typical van
der Waals mediated distance between two graphene
layers in graphite or between CNT tubes in SWNT mats
is around 3.5 A. The intertube transmission, unassisted
by cross-linkers, is simulated by laying a short penta-
cene molecule on top of a broken polyacene junction
with both terminals hydrogenated. When the distance
between the bridging pentacene is (unphysically)
brought to be closer than 2 A, the substantial hybridi-
zation between the 7 orbitals of the pentacene bridge
and the underlying polyacene junction preserves the
majority of conductivity around the Fermi level, as
shown in Figure 2a. As the distance between the layers
is increased, to become larger than 3 A, the interaction
between the s orbitals of the upper and lower layers
significantly decreases and the conductance reduces
to discrete resonant peaks. The width of the trans-
mission peaks reduces as the interplane distance
increases, showing the typical resonant transport char-
acteristics in systems where molecules are only weakly
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Figure 2. 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 3 A.

Figure 3. Quantum conductance of a broken polyacene junction bridged by a covalent pyrazine—nitrene linker.

coupled to the leads. The first peak below the Fermi
level (0.4 eV) corresponds to the HOMO level (0.37 eV)
of isolated pentacene and is right-shifted monoto-
nously toward the Fermi level as the bridging oligoa-
cenes are extended from pentacene to decacene, as
can be seen in Figure 2b.

Intertube Tunneling with Covalent Linkers. To im-
prove the intertube conductivity by a sidewall organic
polymer, an ideal linker must be able to couple the
frontier orbitals to those of the nanotubes and must be
conductive by itself. It would be best if the linker would
preserve the conductivity of pristine CNTs as much as
possible, especially for high-degree levels of function-
alization. To fulfill all the above criteria, we consider the
[1 + 2] cycloadditions of carbenes or nitrenes, which
are able to preserve the conductance of the nanotube
through sidewall bond cleavage.?*** The linker we test
on the polyacene model has an aromatic moiety (as
in most conductive polymers) substituted with two
nitrene groups which connect to the CNT-surface, for
example, a nitrene-linked pyrazine. One could hope
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that the lone pair p, orbital on the nitrene atoms might
be able to couple the s orbitals of SWNT to the
aromatic iz orbitals, and thus increase intertube tunnel-
ing. If that were true, then the orientation effect of the
pyrazine group would also have a significant effect. We
find that the most stable configuration for the pyrazi-
ne—nitrene-linked polyacene junction is the one
where the pyrazine plane lies perpendicular, rather
than parallel, to the polyacene axis, but also that both
configurations give essentially zero conductance at the
Fermi level (Figure 3). The sparse narrow peaks are
characteristic of resonant tunneling and indicate no
substantial coupling between two leads. Owing to the
relative orientation between the linker and the nano-
tube, one cannot connect the p, orbitals of the two
tubes through the 7t orbitals of the linker, even in the
presence of the nitrene lone pair orbital. Furthermore,
in this configuration the interpolyacene junction dis-
tance is increased from the natural 3.5 to 7 A, which
deteriorates even more the poor tunneling. The sce-
nario corresponds to the experimental situations when
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Figure 4. Quantum conductance of (A) a pristine polyacene with 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.

the existence of polymer cross-linkers drive CNTs away
from each other and undermine electrical conductivity.

Intertube Tunneling with Transition Metal Coupling.
As an alternative, we shift our focus away from typical
organic polymers and turn to coordination chemistry
on SWNTs, in particular, sidewall functionalizations via
coordination with transition metals, inspired by the
ferrocene-based molecular wire, are considered here.?®
Transition metals are well-known for their versatile
bonding scheme with aromatic systems, including all
the sandwich-type metallocenes. It was recently shown
experimentally that when two extended polyphenyl-
ethynyl fragments are connected by a ferrocene unitin
the middle, the conductance at zero source-drain bias
is much improved than in the ferrocene-absent ana-
logue, and a broad resonance peak 30 meV above
the Fermi level was found in first-principles calcula-
tions. This peak arises because the d orbitals of the
transition metal are close to the Fermi level and inter-
act strongly with the & orbitals of the conjugated
backbone. For this reason, we consider first 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
the CNTs.

We examine three structures for polyacene involv-
ing Cr coordination and intertube-tunneling, as shown
in Figure 4. The relaxed interplane distances are around
3.30 A for all three systems. The strong hybridization
between the Cr d orbitals and the polyacene 7 orbitals
acts as a strong scattering center for the perfect
polyacene chain (structure A in Figure 4), decreasing
the transmission to around 30% of that of the undoped
pristine polyacene; for the same reason it also serves as
an excellent electrical bridge for broken polyacene
segments. All three systems show broad transmission
features, with a quantum conductance G around 0.6 (in
units of 2e%/h) at the Fermi level and a sharp resonant
peak at 0.25 eV below Fermi energy. The eigenchannel
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analysis of the transmission spectrum of structure B
shown in Figure 5 reveals a conjugated eigenchannel
traversing the entire molecule from lead to lead at the
Fermi level, giving rise to the observed high transmis-
sion. It is evident that the broad band at the Fermi
level originates from the HOMO-2 in bis(benzene)
chromium, involving a Cr d,, orbital which strongly
couples 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 the Cr d,. orbital, which only weakly interacts with
the benzene 7 orbitals.

Before we proceed to real carbon nanotube calcu-
lations, we would like to discuss the effect that a self-
interaction error might exert on our calculations of
transport properties,® which originates from the in-
correct alignment of molecular levels with respect to
the Fermi energy of the electrodes, resulting in un-
physical peaks on the transmission spectrum. To quan-
tify the eigenvalue energy shifts induced by self-
interaction correction, we perform GGA+U calcula-
tions on the Cr(CgHg), system. The DFT + U method
was known to improve the structural and energetic
description of some strongly correlated solid-state
materials®’?® as well as isolated transition metal
complexes.?® We find that the eigenvalue of the loca-
lized HOMO (mainly Cr dj,) in Cr(CgHg),, which is
responsible for the sharp resonant peak near the Fermi
level in Figure 5, shifts 1.2 eV upward when the U is
gradually increased from 0 to 5 eV (a typical U value for
the metallocene systems would be around 2—3 eV).
This scenario corresponds to the weak-coupling limit?
in single molecule transport and will result in a reso-
nant peak energy shift if the self-interaction correction
is included. Nevertheless, the molecular orbitals that
give rise to the broad feature in the transmission
have a very delocalized electron density (e.g., HOMO-
1 to HOMO-4) and exhibit a minimal eigenvalue shift
(<0.4 eV) even when the U value is increased to as large
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Figure 5. (a) Eigenchannel decomposition and density of the corresponding eigenchannels of quantum conductance for
configuration B in Figure 4 near the Fermi level; (b) energy and frontier molecular orbitals of bis(benzene)chromium.

as 5 eV. This corresponds to the strong coupling case®®
where the self-interaction error has a smaller effect.
Since the strategy we propose in this study relies on the
strongly coupled orbitals between the transition metal
and the nanotube 7 orbitals, we believe that the self-
interaction error will have a minimal effect on our
systems (i.e., while the sharp resonant peaks might
have a non-negligible energy shift, the overall broad
feature of the transmission curve will have very small
variation). Therefore the following transport calcula-
tions done with pure GGA functional should still be
valid for subsequent discussions.

Intertube Conductivity of Carbon Nanotube Junctions. Car-
bon Nanotube Junctions Cross-Linked by Transition
Metals. The bulk conductivity of a macroscopic CNT-
network is a complex quantity to predict since it can
only be described by percolation models*® which
depend on the length, the morphology, and the
atomistic structure at the contacts of the CNTs. The
polyacene model dicussed up to now shows that
the transmission of a broken polyacene junction can
be improved dramatically by adding a single transi-
tion-metal. Nevertheless, a polyacene chain is only
one-benzene wide, so it should not come as a surprise
that an #°-coordinated transition metal atom could
connect well the & orbitals between the top and
bottom polyacene fragments. CNTs have much larger
dimensions and only a small fraction of the 7 orbitals
between two tubes can be directly coupled by a single
atom. Thus it becomes fundamental to investigate how
much can be achieved by transition-metal coordina-
tion in realistic CNT junctions.

Recently, several functionalizations of CNTs have
been explored decorating the CNT sidewall with transi-
tion metals. In particular, it has been experimentally
shown that CNTs nanocomposites doped by transition
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metal (TM) nanoparticles have great potential applica-
tions in fuel cells, sensing, catalysis, hydrogen storage,
and magnetic nanodevices'* As for single-atom
transition-metal complexes, experimental efforts in-
corporating iridium, rhodium, and osmium complexes
with CNTs have appeared,®®~3® together with theore-
tical calculations on, for example, Cr(CO); and OsO,
and Vaska's complex.3*~*' Coordination between the
transition metals and the CNT &z manifold can vary
between 5% #* or %5 involving two, four, or six 7
electrons on the CNT surface, respectively, but
for most TMs the most stable configuration is the
n®-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. We
note in passing that in order for the transition metal
to couple the st 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 carbon
rings in a (5,5) CNT (121 or 241 atoms for one or two
CNTs, respectively). The first binding energies are
obtained when a single TM atom is adsorbed to the
surface of a single CNT, from

Ey = Er[CNTI+E[TM] — Ef[TM —CNT] (1)

in terms of the total energies of the fully optimized
bare nanotube (Ef[CNT]), the free transition metal atom
(E{[TM]), and the TM adsorbed SWNT (E{[TM -+ CNT]),
all taken at their lowest magnetic ground states. We
define the second binding energy as the energy
further released when a second tube is absorbed to
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TABLE 1. Calculated Binding Energies (E}, and E2 As
Defined in eq 1 and eq 2), Average Carbon—TM Atom
Distances (dry_c), and Absolute Magnetization per Unit
Cell g (the Number of Unpaired Electrons Is Listed Inside
the Parentheses) of a Single TM Atom Adsorbed on the
Surface of a (5,5) CNT (Left) or between Two (5,5) CNTs
(right). A Blow-up of the Local Structure Is Also Shown for
the TM(;7°-CNT), Sandwich Complex (Right)

TM(n5-CNT) TM(n®-CNT);

vou

94 H
ey

Atom  dry-c (A) E} V) p(us)  drm-c(A) Ef V) uiug)
Sc 2.34 2.04 1.03 (1) 242 2.10 1.03 (1)
Ti 2.28 1.97 2.36(2) 2.34 227 212 (2))
v 231 1.50 4.30(3) 231 208 3.46(3)
Cr 247 0.37 6.20 (4) 234 1.37 4.85(2)
Mn 2.54 0.42 6.29 (5) 2.38 1.06 4.99 (3)
Fe 2.25 0.96 4,40 (4) 2.31 1.45 3.09(2)
Co 215 1.26 1.98 (1) 2,29 1.28 3.24 (3)
Ni 2.16 1.56 0 239 1.01 0
Cu 240 0.38 1.04 (1) 242 0.82 1.03 (1)
Zn 4,_04 U_GS 1] 4.11 0.12 1]

a TM-decorated CNT, giving rise to the sandwich
structure. The second binding energy EZ is

E2 = Er[CNT] + E[TM — CNT] — Ef[CNT — TM — CNT]
(2)

Geometry, binding energies, and magnetic mo-
ment of the single TM atom adsorbed to CNTs are
presented in Table 1. The calculated values for E, are
comparable to those of a single TM atom adsorbed on
a (8,0) or a (6,6) CNT reported in other studies.*? Owing
to the curvature, binding energies are higher for single
transition metals adsorbed on SWNT surfaces than on
graphene and are in the range of 0 to 2 eV, indicating
significant chemisorption. The binding is strongest for
early transition metals, such as Sc, Ti, and V, and is
weakest for half-filled (Cr, Mn, and Fe) or fully filled TM
metals (Cu and Zn). Surprisingly, although Cr is known
to form the stable bis(benzene)metallocene, it gives
the smallest binding energy (0.37 eV) other than zinc
when attached to a single CNT. Further examination
reveals that this small binding energy comes from the
fact that a free Cr atom has an extremely stable half-
filled configuration 4s'3d>, rather than from the for-
mation of a comparatively unstable adsorption struc-
ture. The second binding energy Ez is comparable to
E,' for most atoms, except in the case of half-filled metals
(Cr, Mn, and Fe), where E} is about 0.5 to 1 eV lower than
E} since the first adsorption event involves a particularly
stable free (half-filled) metal atom. The intertube dis-
tance in a sandwich structure is around 3.4 A, also close
to the natural t—z stacking distance in graphite.

We perform Léwdin population analysis to study
the extent of charge transfer from the TM atom to the
nanotube. The atomic charges of TM atoms range from
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TABLE 2. The Calculated Lowdin Atomic Charge of Central
Transition Metal Atoms for TM(ns-CNT)x, x = 1-2 (the
Structure Shown in Figure 1)¢

oxidation state of TM

atomic charge of TM atomic charge of TM

in TM(275-CNT) in TM(17°-CNT), in TM(1;%-arene),
Sc 0.90 1.04
Ti 1.10 1.3 Ti0),* Ti(ly**
v 044 030 V(0),% V(1)*647
Cr 043 032 (r(0),*8 75 @r(1)>**°
Mn 033 030 Mn(1)>2
Fe 049 0.20 Fe(ll)>®
(o 0.64 0.74 Co(ll>*
Ni 0.69 0.80 Ni(ll)>>
u 0.16 033 Cu(l)>®
In 0.01 0.01

“The atomic charge remains unchanged when the length of the CNT is increased
from 6 to 12 units in a supercell. The experimental results of the oxidation state of
the TM(nﬁ—arene)z are also listed.

0 to 1 when a TM atom is adsorbed on the nanotube
surface. When the second nanotube is bonded, the
atomic charge slightly increases for the early and late
transition metals (Sc, Ti, Co, Ni, Cu), and slightly de-
creases for the half-filled metals (V—Fe). As a compari-
son, Table 2 also lists the experimental results of the TM
oxidation states in TM(ns—arene)z complexes. The oxi-
dation states remain relatively low (from 0 to 2+)
throughout the first-row TM atoms (note that here
the oxidation state n is also the total charge of the
complex, TM(;7%-arene)5 ™), suggesting that the TM(1°-
CNT), structure could possibly exist in the neutral state,
or positively charged state when counterions are pre-
sent. For simplicity, only neutral systems are consid-
ered in the following transport calculations.

The interaction strength between a single TM atom
and the CNT surface is directly reflected in the quan-
tum conductance calculations, as shown in Figure 6.
The conductance of the spin up channel in Figure 6a
shows a strong scattering for partially filled 3d transi-
tion metals Sc, Ti, V, Cr, Co, and Ni and weak to
negligible scattering when the spin up 3d orbitals are
completely filled, as is the case in Mn, Fe, and Zn. In the
spin down channel, the calculations shows strong
scattering for all partially filled 3d metals except for
Cu and Zn (6b). The interaction strength can 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 metals Sc,
Ti, V, and Cr show broad features in both the spin up
and down channels, compared to other 3d atoms, and
are expected to offer a stronger coupling between
adjacent nanotubes and a better intertube conductiv-
ity in a nanotube junction. Selected atoms are studied
in @ CNT—TM—CNT sandwich connection configura-
tion, as shown in Figure 7. At first glance it is already
remarkable to see that such high intertube quantum
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Figure 6. The (a) spin up and (b) spin down quantum conductance near the Fermi level of a (5,5)-CNT scattered by the
adsorption of a single first-row transition metal (in the configuration on the left of Table 1). The quantum conductance of a

pristine (5,5) CNT is shown by the black dashed curve.

Figure 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 unas-
sisted by TM coordination.

conductance can be achieved in a SWNT junction. Of
the few metal atoms tested, Ti, V, and Cr show parti-
cularly broad transport features around the Fermi level,
recovering a quantum conductance up to about 0.8 G,
(1Go = 2€*/h) (the quantum conductance of a pristine
armchair CNT in this energy window is 2 Gg). This is a
dramatic improvement over unconnected nanotube
junctions, which show essentially zero conductance at
the Fermi level. Note that in Figure 7 the configuration
of the "no TM” junction is taken directly from the
CNT—Cr—CNT structure by removing the 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 equilibrium distance between adjacent
tubes obtained by the transition-metal bridge in the

LI AND MARZARI

CNT—TM—CNT junction. These results also provide one
possible explanation for the recent experimental ob-
servation that SWNT networks show improved electri-
cal conductivity when doped with Ni, Ir, or Au*” nano-
particles, even though the size of the nanoparticles
(3—5 nm) is considerably larger than the single ad-
atoms we propose in this study.

Nitrogen-Doped Carbon Nanotube Junctions Cross-
Linked by Transition Metals. Since intertube conduc-
tivity of SWNT networks can be greatly improved by
transition-metal coordination, the main question left is
that if one were able to disperse these adatoms in a
network such that neighboring tubes are coupled
efficiently through a local sandwich structure. SWNTSs
have been used as support material for the dispersion
and stabilization of metal nanoparticles, and these
hybrid materials offer several applications in catalysis,
nanoelectronics, and optics.”’®*® Nevertheless, most
studies are limited to noble metal nanoparticles, for
example, Au, Ag, Pt, Pd, and involve pretreatment on
the CNTs, such as acid oxidations, which could impair
the electrical and mechanical properties of the CNTs.
Alternatively, 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 configuration, which has been found to be
the favorable structure in CN,NTs both from first-
principles calculations®® and XPS measurements,®'%
could lead to a strong hybridization between single TM
atoms and the nitrogen atoms even in the absence of
any premodifications.®®

To quantify the effect of pyridine-like defects to
nanotube-TM coupling, we again study the geometry,
binding energy, and magnetic moment of a single TM
atom adsorbed to CN,NTs, as presented in Table 3. The
binding energies, geometries and magnetic structure
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TABLE 3. Calculated Binding Energies (E,,', Ep2 As Defined
in eq 1 and eq 2), Average Nitrogen—TM Atom Distances
(dym_n), and the Absolute Magnetization per Unit Cell ug
(the Number of Unpaired Electrons Is Listed Inside the
Parentheses) of a Single TM Atom Adsorbed on (Left): the
Surface of a (5,5) CN,NT or (Right): between Two (5,5)
CN,NTs. A Blow-up of the Local Structure from a Different
Angle Is Also Shown (Right). The Local Structure of the
Sandwich Complex Corresponds to a Triaza'>’Annulene
Complex

—
TM(CN,NT);

= o

—
TM-CN,NT

&

Atom  dra—y (A) E} (€V)  ut (pg) dry-n (A) EF(eV)  p(ug)
Sc 201 6.83 0 2.19 5.14 1.20(1)
Ti 1.93 6.69 145 (1) 2.12 537 0
v 1.91 6.11 3.23(2) 2.08 4.96 271 (3)
Cr 1.88 4.24 4.48 (3) 2.06 4.87 4.06 (4)
Mn 1.94 4.19 3.59(4) 202 392 3.19(3)
Fe 1.87 497 4.65(3) 2.01 397 0
Co 1.85 5.20 2.66(2) 2.02 3.04 1L11(1)
Ni 1.84 5.04 1.66 (1) Z.11 2.80 236(2)
Cu 1.88 3.81 L] 2.17 1.95 1.23(1)
Zn 2.01 173 1.08(1) 2.18 3.26 0

we find are comparable to those of previous studies of
TM metals attached to a pyridine defect on a (10,0)
CNT5* The first thing to note is that the binding
energies of most 3d transition metals to a (5,5) CN,NT
range from 4 to 6 eV and are on average three times or
higher compared to the case of attachment to a pristine
(5,5) CNT, due to the multiple TM—N bonds formed at
the pyridine vacancy sites. Recent first-principles cal-
culations predict a high possibility of forming single TM
atom adsorption on these pyridine sites, with an en-
ergy barrier for the metal dopant to move to another
position on the tube surface estimated to be as high as
7 eV and is unlikely to happen. The secondary
binding energies are also on average two times higher
than those of CNTs. In addition, the intertube distance
of a sandwich structure in the CN,NT could be brought
to be as close as 3 A by the transition metal, that is, at
least 0.5 A shorter than the natural m—x stacking
distance. This indicates that the bonding between
the TM atom and the pyridine moiety is strong enough
to overcome the natural repulsion between neighbor-
ing tubes.

The local structure of the pyridine-like defects in
CN,NTs resembles well the tridentate Busch macro-
cycle, the tribenzo[bfj]'**triazacycloduodecine (TRI).5>
The TM complexes involving the TRI ligands were
studied in the 1960s to the 1980s, and in particular,
the Co(TRI)3*,%° Ni(TRI)3",*” and Cu(MeTRI)3"®® have
been successfully synthesized. It was found that the
bonding between the central metal and the nitrogens
is extremely stable and inert to substitution reactions.%®
As shown in the right blow-up in Table 3 and the
scheme below, the nitrogen atoms in each TRI ligand
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(or the pyridine-like defect in CN,NT) occupy three of
the octahedral coordination sites, forming TM-N o
bonds which are intrinsically stronger than the bond-
ing in TM(n%-arene), complexes.

N

O
IN/&Tllvl‘\//N / \ N INI N*
N \Ej

\| N N—N
TM(TRI), TRI = tribenzo[bf][1,5,9]triazacycloduodecing]

As mentioned earlier, recent studies have shown
that the pyridine-type defect is the energetically fa-
vored structure among many possible local nitrogen
configurations in a nitrogen-doped CNT,%° and the
content of pyridine-like defects can be controlled
by the type and ratio of the catalyst used in the
synthesis.®>’° Therefore, contrary to the common ex-
pectation that N-doped CNTs shows n-type behavior
and greater electron mobility due to the extra electron
from the graphitic nitrogen atoms, pyridine-like de-
fects are electron deficient and induce a highly defec-
tive trap state near the valence-band edge.’®”" This
causes a large dip near the Fermi level in the transport
characteristics of a (5,5) CN,NT, as shown in Figure 8.
Nevertheless, the quantum conductance of a CN,NT is
largely recovered by adsorption of a metal atom to the
pyridine site, indicating that the damaged 7 manifold
of the tube is restored by TM 3d—nitrogen 2p bonding.
Unlike the case of TM-CNTs, where only some species
would induce strong scattering in the quantum trans-
port (Figure 6), the transmission of the CN,NT is
significantly affected by all transition-metal elements,
including zinc. Nevertheless, the transmission ”dips” of
TM-adsorbed CN,NTs have narrower half-widths com-
pared to TM-doped CNTs, since the TM metal does not
interfere directly with 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-pyri-
dine sandwich structure also shows significant im-
provements, as high as 1.0 e*/h, as shown in Figure 9.
It is 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 con-
tribution from direct intertube tunneling. Such a short
intertube distance is unlikely to exist in real SWNT
networks, and a configuration of two pyridine
defects on each side unlikely, but an intermediate
intertube distance and a TM sandwiching moiety (i.e., a
TM coordinated to the %° ring of one tube and the
pyridine site of the other tube) will offer excellent
electrical characteristics, intermediate between the two
cases discussed.

In summary, we have studied intertube conductiv-
ity in a SWNT network with first-principles calculations
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Figure 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 insert of Table 3. 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.
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Figure 9. Quantum conductance near the Fermi level of a
(5,5)-CN,NT junction connected by a 3d transition metal.

on different, paradigmatic model systems. We have
discussed the poor characteristics of intertube

METHODS

Computational Details. All calculations are performed using
density-functional theory (DFT) in the Perdew-Burke-Ernzerhof
generalized-gradient approximation (PBE-GGA)’? with plane
wave basis sets, periodic boundary conditions, and Vanderbilt
ultrasoft pseudopotentials’® as implemented in the Quantum-
ESPRESSO package.”® Ry cutoffs of 30 and 240 or higher are
chosen for the wave functions and the charge density, respec-
tively. For isolated molecular systems, a large supercell is
constructed so that the distance between periodic images is
at least 8 A to ensure negligible interactions from periodic images.
For the carbon nanotube calculations, our supercell includes 5 unit
layers of carbon atoms for a given (n,n) CNT plus the functional
group. A T x 1 x 4 k-point sampling is used for structural opti-
mization with a cold smearing of 0.03 Ry.” All components of all
forces are converged to within 10~ Ry/bohr, corresponding to less
than 0.026 eV/A in a relaxation calculation. Spin-unrestricted
DFT formalism is used for open-shell TM-adsorbed nanotube
systems and the most stable spin state is identified. The quantum

LI AND MARZARI

tunneling in pristine systems or in the presence of
common covalent sidewall functionalizations. We have
shown that intertube tunneling can be instead greatly
enhanced by transition-metal adsorption on CNT side-
walls, either in pristine or in nitrogen-doped tubes. We
studied adsorption geometries and binding energies
of first-row transition metals on a (5,5) CNT or sand-
wiched between two (5,5) CNTs, and also in the pre-
sence of nitrogen doping. We find that nitrogen-doped
CNTs bind single TM atoms much more strongly,
preserving or even improving the excellent transport
characteristics of the pristine CNTs. Since such
sandwich structures are more likely to be found in
TM-doped CN,NT networks, these could offer signif-
icant enhancements on electrical conductivities of
SWNT networks compared with current experimen-
tal findings.

conductance at zero bias is calculated using the Landauer
formalism’® in a basis of maximally localized Wannier func-
tions (MLWF)'® as implemented in the Wannier90”” code. The
eigenchannel analysis is obtained with the WanT package.”®”°
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