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Because of their well-defined structure and relative simplicity, nanotubes serve as a convenient test bed for many of the concepts of nanoscale physics and materials science. Of particular importance is the wide range of novel structures that can be derived from well-known 0-dimensional buckyballs and 1-dimensional perfect nanotubes. Here we focus on nanotube-derived prototypical nanonetwork connectors, that can be obtained from the connection of a number of semi-infinite nanotubes and on novel tiny nanotubules resulting from the coalescence of buckyballs spatially confined in a nanotube (nano-peapods).  

Carbon nanonetwork connectors

Carbon nanotubes have attracted much interest since their early discovery, due mostly to their peculiar electronic and geometrical properties. More recently, the possibility of forming seamless junctions between different carbon nanotubes has stimulated much modeling and experimental research.  The development of new simulation tools is necessary in order to be able to accurately simulate these large, complex materials.  To this end, a new hybrid parallel/distributed, fully adaptable transport code which automatically configures the code to any input network topology has been developed. The Green’s function based, Landauer/Buttiker formalism is used for solving the electronic transport in multi-lead systems. This approach leads to a non-symmetric sparse linear formulation where each energy point in the transport formalism is independent. Thus, the distributed memory decomposition is performed on the energy, while the sparse linear system is solved using a multithreaded direct solver based on LAPACK and OpenMP.  Future investigations will include both non-symmetric sparse direct solvers and preconditioned iterative techniques. 
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Seamless nanotube connections are realized via the introduction of topological defects (i.e., pentagons and heptagons) in the otherwise perfect hexagonal lattice, while keeping the threefold coordination of each atom. Besides single or multiple connections between two different carbon nanotubes, the possibility of connecting three,  four, or more nanotubes has increased the potential of these systems for use as active components in nanoscale electronic devices (Figure 1).  In fact, three-terminal T- or Y-junctions have been observed as early as 1995. Another promising route to multiterminal nanotube systems is to directly connect individual carbon nanotubes using an electron beam welding technique. This procedure has the unique advantage of allowing the formation of single-walled multiterminal junctions. Models of multiterminal systems were proposed soon after the discovery of carbon nanotubes. Their stability has been theoretically confirmed, while their electronic properties were the focus of various studies. 
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Using the Landauer/Buttiker formalism for electronic transport in multi-lead systems, we have shown that the rectifying behavior of carbon nanotube Y-junctions is not an intrinsic property of the branching, but is solely due to the properties of the interfaces between the nanotube branches and the metallic leads. The rectification arises from scattering by the interfacial states, which are closely related to the creation of Schottky barriers at the metal–nanotube contacts. The magnitude of the Schottky barrier strongly depends upon the detailed atomic geometry of the contact. An intrinsic, carbon-nanotube-terminated Y-junction does not display an asymmetric conductance spectrum, but behaves as a junction between undoped semiconductors. Similar behavior is expected for any three-terminal carbon-nanotube systems, including nonsymmetric Y- and T-junctions of similar branch radii.

Fullerene coalescence: a route to novel nanostructures

One of the most amazing structural transformations inside single walled carbon nanotubes consists of coalescenced C60 fullerenes, thus, forming a bigger stable carbon molecule. Various sequences of fullerene coalescence have been observed experimentally in situ by electron irradiation inside a transmission electron microscope (TEM). 

Different theoretical approaches have been used to perform molecular dynamics and Monte Carlo calculations at various temperatures in order to elucidate the electron irradiation and thermal annealing driven coalescence mechanism. The new tubular forms of carbon contain hexagonal, pentagonal and larger carbon rings such as heptagons, octagons, etc. and exhibits diameters ranging from 5 to 7 Å. The electronic properties and electron conductance of these novel tubules show that the coalesced peapods possess different conducting behaviors depending on the process used to merge the fullerenes together (Figure 2).

We have demonstrated from theoretical and experimental points of view that fullerenes can easily coalesce inside SWNTs, using thermal annealing and electron irradiation inside an electron microscope. The resulting novel and corrugated inner tubules, which exhibit pentagonal, heptagonal, octagonal and hexagonal rings, resemble the theoretically proposed Haeckelites. Furthemore, we have, using first-principles calculations, predicted different electronic behavior depending on the topology after coalescence. We envision that novel nanocarbons can be produced following different fullerene coalescence sequences encapsulated in porous materials with different morphologies, leading to interesting candidates for nano-electronics. Further development of our first principles and transport methods needs to be performed.  This will provide the necessary tools for investigations into the possibility of producing superconducting nanotubes that are 4 Å in diameter and contain a high density of non-hexagonal rings.
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Figure 1 Prototypical multi-terminal carbon nanojunctions. A multiterminal carbon nanostructure is made up of a number of semi-infinite straight carbon nanotubule joined together via heptagons. (a) a “T-junction” made up of two (10,10) and one (17,0) tubes, (b) a “Y-junction” made up of three (8,0) tubes, (c) a “X-junction” comprised of two (10,10) and two (5,5) tube and (d) “K-junction” connecting a (5,5), a (8,0), a (10,0) and a (11,0) tubes. Individual carbon nanotubes can be either semi-conducting and metallic, depending on the radius and hexagon arrangement on the surface and these prototypes are building blocks for electronic at the nanoscale. 





Figure 2 Sequence of Tight-Binding molecular dynamics simulation of fullerene coalescence inside a (10,10) nanotube: The simulation starts with ten buckyball molecules placed inside a SWNT, from top to bottom, the temperature is raised from 1800K to  3600K. The reconstructed surface, after connection between the two ends, is highly defective, and contains a large number of topological defects, i.e. pentagons, heptagons, octagons. In the background is the experimentally observed sequence under irradiation, in which the carbon cages polymerize, rearrange and coalesce into a corrugated tubule.
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