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Abstract
We present an archival memory that stores bits of data according to the different positions of a fullerene shuttle within a carbon nanotube on a graphene nanoribbon substrate. Simulations of the molecular dynamics of the system involved an encapsulated C60 fullerene and a carbon nanotube on a graphene nanoribbon. The attractive vdW forces between the carbon nanotube and the graphene nanoribbon induced a slight deformation in the carbon nanotube, and this deformation created energy barriers against the motion of the C60 fullerene along the axis of the carbon nanotube. Finally, bistable potential wells were generated, and the encapsulated C60 fullerene could be shuttled between these bistable positions along the carbon nanotube by applying an alternating force field. The C60 fullerene could retain its position on the carbon nanotube without an external force field, so the proposed system can function as a nonvolatile memory device. In future work, the switching speed, the applied force field, the active region, the length of the carbon nanotube, and the width of the graphene nanoribbon should be considered to improve the efficacy of the system.
1.
Introduction
Carbon nanomaterials – such as fullerenes,4 graphene,5 and nanotubes6 – have received much attention due to their applicability to mass storage devices. In particular, fullerene-nanotube hybrids are a form of conjugated carbon nanomaterial, and Kwon et al.7 synthesized multi-walled CNTs, or “bucky shuttles,”8 from elemental carbon under specific conditions and performed molecular dynamics (MD) simulations to investigate the use of these bucky shuttles as nanometer-sized memory elements. Since each end of the nanotube represents a stable energy state, binary data can be determined depending on the side of the tube where the “buckyball” resides. The position of the buckyball can switch between the two sides when an electric field is applied to toggle the equilibrium position of the buckyball ion. This can be best achieved if the connecting electrodes that supply the bias voltage are integral parts of the end caps in order to reduce the field screening by the nanotube.9 Therefore, one of the local minima turns unstable at above the critical field strength, causing the buckyball ion to move to the only other stable position.7 However, the readability of such memory devices has not been demonstrated so far, but since then, many shuttle-memory configurations based on carbon nanomaterials have been analytically investigated.10-22 However, such shuttle-memories remain theoretical since they are difficult to fabricate.
In the present study, we address other schematics for bucky shuttle memory using a single GNR placed at the center of the CNT encapsulating the fullerene. This design has a very useful adaptive advantage in that the CNT encapsulating the fullerenes can be changed into a two-state nano-memory device using GNR. We can expect these memory elements based on fullerenes, CNTs, and GNRs to be realized through the use of nanotechnology based on carbon nanosciences. We use MD simulations with empirical potentials to show the bistability of the bucky shuttle due to the vdW interactions.

2.
Schematics 
Figure 1 shows simple schematics for the bucky shuttle memory on the GRN. The GNR is formed on the substrate, and a CNT encapsulating a fullerene is bridged across the GNR with an air gap. Both sides of the CNT should be clamped by embedding the electrodes while the encapsulated fullerene should be movable. The outward appearance of this device including the GNR, the electrodes, and the CNT-bridge can be formed by using conventional semiconductor processes such as via masking, photo lithography, reactive ion etching, deposition, etc. The large empty space inside of the CNTs can sufficiently accommodate a wide variety of atomic and molecular species, the presence of which can significantly influence the properties of the materials.25 This CNT encapsulating a fullerene is a hybrid carbon material called a carbon nanopeapod.26 The encapsulation of the fullerenes in the nanotubes is favorable on energetic grounds and occurs rapidly by exposing nanotubes to the sublimed fullerenes.27
When there is no GNR, the C60 fullerene can move without energy barriers within the CNT as a C60 oscillator.28-30 Once the attractive vdW forces between the CNT and the GNR come into play, the CNT deforms and this deformation creates energy barriers against the motions of the C60 fullerene along the CNT axis. As a result, bistable potential wells of the vdW potential energy are generated along the CNT, and the encapsulated C60 fullerene can shuttle between these bistable positions along the CNT when alternating forces are applied. The C60 fullerene can retain its position along the CNT without any external force fields, so the proposed system could operate as a nonvolatile memory device.
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Figure 1. Simple schematics of the bucky shuttle memory
Figure 2 shows two states that can be defined according to the position of the C60 fullerene. Information can be physically stored according to the position of the C60 fullerene in the partially opened carbon nanopeapod and can also be nondestructively read by using electric, magnetic, or optical methods to detect the polarity of the C60 fullerene.31 Any accidental or intentional displacement of the C60 fullerene shuttle may result in a misalignment of the carbon-carbon atomic arrangement which, in turn, can have an influence over the electrical and photonic properties of the device.31 
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Figure 2. The variations of the van der Waals energy (UvdW) between the CNT and the GNR as a function of the MD time are shown, of when the CNT was directly sucked into the GNR trench
When an external force is applied to the C60 fullerene, this movable C60 fullerene can be shuttled between two states, and it can maintain its seat in one of the bistable positions without recharging. Therefore, this shuttle memory has considerable potential for use as a nanoscale non-volatile memory. Various methods to drive the forces that accelerate the fullerene have been suggested, such as mechanical manipulation, electrostatic force, magnetic force, and electromigration via electron wind-force in high current density, or diffusion via heat conduction.7-22,32-35 Dai et al.33 performed quantum mechanical MD simulations to show that positively charging the housing SWCNT with a uniform density of 0.001 electron/atom could generate speeds of over 1 km/s. In general, the electrostatic forces have allowed for these devices to be considered as CNT oscillators,34 Bucky-shuttle-memories,7 and NEMS resonators.35 When a static potential voltage is applied to the carbon nanotube, it becomes electrically charged with a density proportional to the voltage that is applied.35 A method that uses light was suggested by Neto et al.,32 who argued that ultraviolet light in the wavelength range from 250 to 275 nm could excite only the C60 fullerene to move. During the switching process of the fullerene shuttle memory, the kinetic energy of the C60 fullerene is converted into potential energy, dissipated into heat, and converted into rotational energy of the C60 fullerene, and as a result, the C60 fullerene becomes stabilized in one of the local energy minima positions.
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Figure 3. Variations of the vdW energy (UvdW) and the vdW force (FvdW), as a function of the position of the CNT. (a) Optimized position of the CNT in the GNR trench. The displacements of the CNT toward the (b) left, or the (c) right sides, are shown.
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Figure 4. Variations of the vdW energy (UvdW) and the vdW force (FvdW), as a function of the position of the CNT.

3.
Results and Discussion 
The C60 fullerene moved left-to-right or right-to-left. When the C60 fullerene changed its position, the value of UCB increased from –2.65 to –2.36 eV, decreased to –2.41 eV at the center, slightly increased to –2.39 eV after the C60 fullerene passed the center, and finally decreased to –2.65 eV. However, the value in the UBG plot decreased from 0 to –0.08 eV and then increased. As a result, the value of the UB plot, provides two energy-barriers during the change in position, ΔEB1 = 0.25 eV and ΔEB2 = 0.04 eV. In the UCG plot, we can also find the potential height at 0.79 eV. Finally, the two energy-barriers are encountered during the change in position. The first barrier ΔE1 = 0.98 eV and the second barrier ΔE2 = 0.07 eV are shown in the UT plot. The vdW forces that are exerted on the C60 fullerene during its change in position are closely related to the dynamics of the state change the variations in the vdW force (FvdWx) along the tube axis as a function of the position of the C60 fullerene for two cases. The maximum value of the vdW force was of 0.41 nN, and therefore, in order to obtain the state transition from the data, the kinetic energy of the C60 fullerene should be higher than ΔE1 = 0.98 eV or the externally applied force acting on the C60 fullerene should be higher than 0.41 nN.
In order to investigate the dynamic features of the C60 fullerene shuttle, we performed several MD simulations for different initial velocities (v0) with the shuttle initially positioned at the center. Figure 3 shows the variations in the position of the C60 fullerene as a function of the MD time for different values of v0. When v0 = 0.1 or –0.1 nm/ps, the C60 fullerene is confined within the center region of the GNR since a potential well results from small energy barriers ΔE2 = 0.07 eV, as discussed in Figure 3. That is, the kinetic energies of the C60 fullerene are lower than the second energy barrier. However, when the kinetic energies of the C60 fullerene are higher than the second energy barrier, │v0│ ≥ 0.1, the C60 fullerene settled down into either one of two states. Figure 4 shows some of the atomic configurations that are obtained from the MD simulations when v0 = 0.2 and 0.4 nm/ps.
4.
Conclusions

We used MD simulations to investigate the structure and behavior of a nonvolatile nanomemory element constructed using a fullerene shuttle within a CNT on GNR. The proposed system was composed of an encapsulated C60 fullerene and a CNT on the GNR. The attractive vdW forces between the CNT and the GNR induced a slight deformation in the CNT, and this deformation the energy barriers against the motion of the C60 fullerene along the CNT axis. Bistable potential wells were generated for the encapsulated C60 fullerene to shuttle between bistable positions along the CNT under force fields that were applied in an alternating manner. The C60 fullerene could retain its position on the CNT without the need for external force fields, so the proposed system can operate as a nonvolatile memory device. We simply demonstrate the feasibility of using a memory element based on a fullerene-CNT-GNR hybrid in the nanometer scale. To improve the performance of the proposed device, the switching speed, the applied force field, the active region, the length of the CNT, and the width of GNR should be considered in future work. The authors also expect that the proposed system can be realized by fabricating based on a CNT-GNR crossbar array.
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