Phase-coherent electronic transport in a multi-wall carbon nanotube
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      Despite about a decade of extensive studies, some issues on the electronic transport properties of carbon nanotube (CNT) is still on debates [1]. Especially, the magnitudes of the electron mean path and the phase coherence length in a CNT is at the center of the debates.  The experimental result by Frank et al. [2] revealed that the electron transport in CNT is ballistic even at room temperature with the electron mean free path exceeding the sample size. Other experimental results [3,4], on the other hand, suggested that electrons move diffusively rather than ballistically in a CNT, where the phase coherence length was estimated to be much shorter than the CNT length.

To test whether the electic transport in CNT is ballistic or diffusive, we have measured the magnetioresistance (MR) and the dufferential conductance curves for a multiwall CNT both with the conventional four-probe and the nonlocal configurations. Pronounced variation of non-local resistance as well as four-probe resistance was observed with varying magnetic field. The non-local MR we have observed indicates that electrons move phase coherently over the whole length of the CNT, 3.8 m, up to our measured temperature of 17 K. 
Shown in the inset of Fig. 1(a) is the SEM photograph of the MWCNT with the electric leads labeled. The diameter of the selected CNT was about 25 - 30 nm. To form low-ohmic contacts between the CNT and the Ti/Au electrodes [5], we have performed rapid thermal annealing at 800 ºC for 30 s. The contact resistances were below 3.5 k in the whole temperature range measured. 
We have employed two different configurations for the MR measurement. One is conventional four-probe configuration R14,23: applying current with the leads 1 and 4 and picking up voltage drop between the leads 2 and 3. The other is non-local configuration R34,21: injecting current through the leads 3 and 4 and measuring voltage between the leads 2 and 1 [see the inset of Fig.1(a)]. Fig. 1(a) shows the four-probe MR, R14,23(H) and the reciprocal of non-local MR, R34,21-1(H) at T = 200 mK with the bias current 5 nA. The magnetic field was applied along the direction of the tube axis. The four-probe MR curve exhibits a small oscillation imposed on a large variation, which looks very similar to those observed by Bachtold et al [3]. The periods of small oscillation and large variation are about 0.25 T and 5.5 T, respectively. 
For the non-local MR, two characteristic features should be noticed. First, the non-local MR is almost symmetric with the magnetic field reversal, R21,34(H) ( R21,34 (-H). The other characteristic feature of the non-local MR is that the non-local MR was out of phase with respect to the four-probe MR: the minima of non-local MR correspond to the maxima of four-probe MR and vice versa. As shown in Fig. 1(a), the four-probe MR R14,23  and the reciprocal of the non-local MR, R34,21-1  multiplied by a constant are almost in phase, especially at low-field region. Though we have not shown here, the non-local MR have been observed at least up to the temperature of 17 K. 

 We have also measured the differential conductance curves, dI/dV for the four- 
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probe configuration with varying magnetic field [Fig. 1(b)]. Note that the four-probe differential conductance curves show an energy gap structure of size below 1 meV modulated by magnetic field. This energy gap modulation with the magnetic field has been reflected in the oscillating patterns of the four-probe MR data. For instance, for H = -0.6 T where the four-probe MR exhibited its global maximum, the differential conductance curve showed the largest gap structure. For H = -3.2 T where the four-probe MR showed its local minimum, on the other hand, the differential conductance curve exhibited a suppressed energy gap structure. We have also observed that the non-local differential conductance curves (I:3,4 and V:2,1) are also out of phase with respect to the four-probe ones: the conductance dip in four-probe differential conductance curves corresponded to the conductance peak in non-local ones (not shown here). 
We will present our interpretations that these out-of-phase non-local transport features could be explained by the Landauer-Büttiker formula [6], which implies that the electron phase coherence length of our MWCNT could be larger than the sample length 3.8 m at least up to 17 K.
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Fig.1. (a) Comparison of the four-probe MR, R14,23 (solid line) and the inverse of the non-local MR, R34,21-1 multiplied by a constant a = 20 (dotted line). Inset shows the SEM photograph of the CNT measured and the electric leads labeled. The length of white-bar corresponds to 1m. (b) The perspective views of the differential conductance curves in the V-H plane for four-probe (I:1,4 and V:2,3) measurement configurations. The temperature was 200 mK.
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