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We studied the transport properties of highly boron-doped nanocrystalline diamond thin films at temperatures down to 50 mK. The system undergoes a doping-induced metal-insulator transition with an interplay of intergranular conductance g and intragranular conductance g0, as expected for a granular system. The conduction mechanism in the case of the low-conductivity films close to the metal-insulator transition has a temperature dependence similar to Efros-Shklovskii type of hopping. On the metallic side of the transition, in the normal state, a logarithmic temperature dependence of the conductivity is observed, as expected for a metallic granular system. Metallic samples far away from the transition show similarities to heavily boron-doped single crystal diamond. Close to the transition, the behaviour is richer. Global phase coherence leads in both cases to superconductivity (also checked by a.c. susceptibility), but a peak in the low-temperature magnetoresistance measurements occurs for samples close to the transition. Corrections to the conductance according to superconducting fluctuations account for this negative magnetoresistance.

I. INTRODUCTION

Depending on the microscopic parameters, a granular material can vary from a relatively good metal to an insulator, by changing the strength of electron tunneling coupling between conducting grains. Only recently, new insights have been gained on the theoretical understanding of such granular systems 1 , which have been applied to the experimental low temperature transport behaviour in highly boron-doped nanocrystalline diamond. Indeed, renewed interest in doping-induced electronic phase transitions came up as superconductivity was discovered in heavily boron-doped diamond 2 , and was confirmed by several other groups (see Ref. 3 

and references therein).

The metal-insulator transition in highly boron-doped diamond has been analyzed in ion-implanted films 4 and more recently in single crystalline diamond 5 . In this paper, we report on the metal-insulator transition and superconductivity in highly boron-doped nanocrystalline diamond (B:ncd) thin films, demonstrating the influence of the granular structure on the transport properties at low temperatures.

II. EXPERIMENTAL

Nanocrystalline diamond films were grown in a microwave plasma-enhanced chemical vapor deposition (MPCVD) as described elsewhere 6 . Doping with boron was achieved by adding trimethylboron to the gas phase with molar concentrations B/C reaching 10000 ppm. These films were grown on quartz substrates (suitable for transport measurements), which were either prepared by mechanical polishing with diamond nanoparticles (Bmec prefix) or by ultrasonic seeding in an aqueous colloid of 10 nm sized diamond powder (Bus prefix) 7 . Electrical resistivity measurements were performed from room temperature down to 360 mK using a Quantum Design Physical Properties Measurements System. A four terminal configuration has been used for the electric contact to the films. In the same setup, magnetoresistance measurements were performed with perpendicular fields up to 8 T. A dilution fridge was used at lower temperatures with perpendicular fields up to 14 T. The change in the mutual inductance of a small coil was used for the a.c. magnetic susceptibility measurements. The boron concentration n B has been obtained from Secondary Ion Mass Spectroscopy (SIMS) depth profiles of 11 B -, 12 C -, and 11 B 12 C -ions.

III. RESULTS AND DISCUSSION

The temperature dependence of the normalized resistance ρ/ρ(300K) in the range 300 K down to 350 mK is shown in Fig. 1 (a) for several samples. The highly doped samples with n B ≥ 1.3 × 10 21 cm -3 also show superconductivity with critical temperatures up to T c = 2.1 K. A.c. susceptibility measurements confirmed that this superconductivity has not a filamentary nature. As illustrated by Fig. 1 (b), the onset of the diamagnetic screening corresponds to the transition to zero resistance. The critical boron concentration n c for the metal-insulator transition is about 2.6 × 10 20 cm -3 (Ref. 6). Similar values have been found in the case of single crystal and polycrystalline diamond 3 . However, as will be shown be- low, the metal-insulator transition is not only due to the increasing doping within the grains, but also to the increase in intergranular coupling between metallic grains. Fig. 2 (a) shows the temperature dependence of the normalized conductivity for the weakly-doped samples Bus100 and Bmec2500, which are close to the metalinsulator transition. A Efros-Shklovskii (ES) type of hopping dependence following ln(σ) ∝ (T 0 /T ) 0.5 is observed over a remarkably wide range of temperatures, from 300 K down to 20 K. Multiple cotunneling processes can lead to Efros-Shklovskii-like variable range hopping in granular metal arrays with weak intergrain coupling 8,9 . An estimate of the localization length ξ from the experimentally determined T 0 values gives ξ ≈ 1 nm. Taking into account an acceptable variation of the dielectric function for this estimate, the localization length would be still much smaller than the grain size in our samples. The situation corresponds to well-coupled insulating grains (in agreement with the SIMS values) rather than weakly coupled metallic grains, with the localization length comparable to the interatomic distance between the impurities 10 . However, Efros-Shklovskii type of tem- perature dependence at such high temperatures has not been observed in single crystal diamond samples within the same doping range, where Mott variable range hopping has been seen without a crossover to ES hopping at low temperatures 5 . This remains an open question which one can probably assign to the granularity of the samples.

The physical quantities characterizing the transport in a granular material are the dimensionless intragranular conductance g 0 , and the intergranular (tunneling) conductance g. Both correspond to one spin component and are measured in the units of the quantum conductance e 2 / : g = G/(2e 2 / ) with G the conductance ([G] = Ω -1 ). Other important parameters are the grain charging energy E c = e 2 /4πk B ǫ 0 ǫ r d (d is the grain size), and the mean level spacing δ = (νV ) -1 (ν is the density of states and V the volume of the grain) 1 . If the constituent grains are made of a superconductor mate-rial, the behaviour of such a system can be quantified by adding one more energy parameter, the superconducting gap ∆ of the material of a single grain. The interplay between Josephson coupling J and grain charging energy E c determines whether global macroscopic superconductivity is built up in the sample or not 1 . A "granular system" is obtained in the limit g ≪ g 0 , whereas the case g ∼ g 0 can be viewed as a homogeneously disordered system.

Samples with g > g c exhibit metallic transport whereas samples with g < g c show insulating behaviour, corresponding to metallic grains with strong and weak intergrain coupling, respectively. Here, g c is the critical conductance which is related to E c and δ as

g c = (1/2πD) ln(E c /δ) ( 1 
)
where D is the dimensionality 1 . For a grain size d ≈ 150 nm and a typical density of states ν ≈ 10 20 eV -1 cm -3 one gets E c ≈ 20K and δ ≈ 1mK. One could expect two-dimensional effects, as the grain size is of the same order of magnitude as the thickness and, thus, g c ≈ 0.52 or g c ≈ 0.77 for a three-dimensional or two-dimensional system, respectively. These values lie between the estimated conductances for samples Bus100 and Bus1000.

For samples with g > g c , one should find a logarithmic temperature dependence (for two-as well as three-dimensional systems) of the conductivity at low temperatures 1 . This behaviour has been reported for several granular metallic systems [START_REF] Radhakrishnan | [END_REF]12 . As can be seen in Fig. 2 (b), some of the nanocrystalline samples show a logarithmic temperature dependence at low temperatures, clearly indicating a metallic behaviour in the granular limit g ≪ g 0 . A crossover to superconducting behaviour occurs for the highly conducting samples (Bus4000 to Bus10000). The temperature at which the deviation from the logarithmic temperature dependence takes place increases with doping. Electron-electron interaction is responsible for the logarithmic temperature dependence; at higher temperatures interactions with phonons lead to a power law dependence (whole temperature range for Bus1000).

The superconducting properties of a granular system are in many ways determined by the properties of the grains. The superconducting gap ∆ exists in each grain and its value is close to the gap magnitude in the bulk, provided ∆ ≫ δ 1 . Anderson showed that the superconducting gap is suppressed or can even be fully destroyed if the latter inequality is not satisfied 13 . In our case, δ = (νV ) -1 ≈ 1mK and ∆ ≈ 300µV = 3.6K 14 and, thus, these effects can be neglected. Sufficiently strongly coupled grains (g ≫ 1) can maintain (global) superconducting coherence because the coupling reduces the phase fluctuations.

In FIG. 3: Magnetoresistance of sample Bus4000 at several constant temperatures, revealing regions with negative and positive magnetoresistance, respectively. by free charges usually seen in metals. In the case of strong coupling (g ≫ 1) and strong Coulomb interaction (E c ≫ ∆) the charging energy is renormalized to ≈ ∆/g. Therefore, for g ≫ 1 the effective Coulomb energy is always smaller than the Josephson coupling J ≈ g∆, and superconductivity occurs at sufficiently low temperatures 16,17 . With E c ≈ 20K this is the case for the most highly-doped samples. These samples follow a transport behaviour typically seen for disordered metals. Measurements of the magnetoresistance as well as the critical magnetic field phase diagram reveal similar results compared to highly boron-doped single crystal diamond 5 . Fig. 3 shows the magnetoresistance of sample Bus4000 at several constant low temperatures in the range from 100 up to 500 mK and with perpendicular fields up to 14 T. Bulk superconductivity (superconducting grains) is destroyed by application of extremely strong fields, the positive magnetoresistance in the high-field limit resembles the behaviour seen in metallic single crystal and nanocrystalline diamond films 18,19 . By decreasing the magnetic field a region with negative magnetoresistance is found. Only at sufficiently weak magnetic fields the resistivity starts to decrease and the sample displayed superconducting behaviour. Similar behaviours have been reported in other granular systems [20][21][22] .

One possibility to explain the negative magnetoresistance of a granular metal is due the suppression of the density of states (DOS) due to superconducting fluctuations 23 . One fluctuation contribution comes from nonequilibrium Cooper pairs forming a new transport channel (δσ AL ) 24 , and another from coherent scattering of electrons forming a Cooper pair on impurities (δσ MT ) 25,26 . Both corrections enhance conductivity and lead to a positive magnetoresistance. The formation of nonequilibrium Cooper pairs results in a fluctuational gap in the one-electron spectrum 27 . This suppression of the density of states has been shown to lead to a correction of the conductivity δσ DOS 23 . While in conventional superconductors δσ AL and δσ MT are more important than δσ DOS , in granular systems the DOS correction plays a very important role 23,28 . The conductivity δσ DOS is negative and its absolute value decreases with increasing magnetic field, thus leading to the negative magnetoresistance. This is what is seen for sample Bus4000 in Fig. 3.

Another possibility is based upon the fact that, as is the case for sample Bus4000, g is close to one, approaching the quantum resistance R 0 = h/(2e) 2 ≈ 6.4kΩ for which a superconductor-insulator transition is expected. In the case of a superconductor-insulator transition, similar behaviours of the magnetoresistance have been reported [29][30][31] . The origin of such a transition is still under debate. Some theories claim that it may be understood in terms of Cooper-pair scattering out of the superconducting condensate into a Bose-glass 32,33 , others claim that a percolation description of the superconductor-insulator transition is more adequate 34 .

IV. CONCLUSION

In summary, we report on the metal-insulator transition in highly boron-doped nanocrystalline diamond films. The metal-insulator transition is induced by the increasing doping, thereby also controlling the intragranular conductance. Low temperature transport measurements suggest that metallic nanocrystalline diamond follows dependencies for the conductivity typical for a granular system with metallic/superconducting grains and strong or low intergranular coupling. On the insulating side of the transition, Efros-Shklovskii-like variable range hopping was observed, while on the metallic side a logarithmic temperature dependence of the conductivity was found. The granular structure influences the superconducting properties and the magnetoresistance in highly boron-doped metallic nanocrystalline diamond films. Tuning of the microscopic parameters leads to rich behaviour and similarities to the superconductorinsulator transition are pointed out, explained on the basis of superconducting fluctuations and the importance of granularity.
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 1 FIG. 1: (a) Temperature dependence of the normalized resistance ρ/ρ(300K) from 300 K down to 350 mK. The weakly doped insulating sample Bmec2500 shows thermally activated transport. The higher doped metallic samples show also superconductivity; (b) a.c. magnetic susceptibility measurements clearly indicate the non-filamentary nature of superconductivity. The onset of the diamagnetic response corresponds to the transition to zero resistance.

FIG. 2 :

 2 FIG. 2: (a) Temperature dependence of the normalized conductivity for the weakly doped samples Bus100 and Bmec2500, following a Efros-Shklovskii hopping over a wide range of temperatures. The T0 values of both samples are indicated; (b) Logarithmic temperature dependence of the normalized conductivity for several highly doped samples as expected for a granular metal (T in units of Kelvin).

  the approach of Chakravarty et al. (see Ref. 15) the originally strong Coulomb interaction is reduced by the electron tunneling to other grains. This renormalization corresponds to the screening of the Coulomb interaction
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