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Abstract Quasi-critical percolation systems are prepared from conducting metalinsulator 
granular composite samples by subjeaing them to highdensity current pulses. This treatment 
drastically reduces the room-temperature conductivity of the mixlure, due to the explosion of a 
fraction of the metallic grains in percolation channels. Provided lhat the pulse current density 
is high enough, the samples show the hopping conductivity characteristic of an insulator. 

Abnormal dielectric properlies of quasicritical percolation systems have been previously 
investigated, and the objective of the present work is to study the transport and magnetotransport 
phenomena Two distinctly different nearest-neighbour hopping (NNH) conduction regimes. 
which depend on the sample preparation conditions, are observed in the quasi-critical samples. 
The first type of conduction is dominated by hopping between adjacent metallic grains embedded 
in a dielectric host medium. The grain diameter, evaluated from the resistance versus temperature 
data, is found to be several nanometres. Negative orbital magnetoresistance (NMR) with a quasi- 
linear field dependence. is observed at both 77 and 300 K. In the sample of the second type 
(those which have been subjected to higher-current pulses or to sevenl sequential pulses of the 
same amplitude), conduction is also found to be dominated by NNH between conducting sites in 
the host medium but an evaluation of the 'grnin' size shows them to be of atomic dimensions. 
Positive magnetoresistance (PMR) is now observed. The non-applicability of the familiar model 
of NMR in variable-range hopping (VRH) systems to the samples of the first type is discussed. 

1. Introduction 

Measurements of resistivity and magnetoresistance arc both necessary for a complete 
investigation of the electrical transport in inhomogeneous media. Interest in these 
phenomena has increased considerably during the last decade, due to the development 
of theoretical models for the change in conductivity and magnetoresistance arising from 
both electron-electron interactions and weak localization on the metallic side of the metal- 
insulator transition. In particular. it has become possible to explain negative orbital 
magnetoresistance in disordered metals. The understanding of variable-range hopping 
(VRH) in the insulating region has also improved considerably. More recently negative 
magnetoresistance (NMR) has been observed and described theoretically in both doped 
semiconductors and granular metals, in the VRH conduction regime. 

It is worth noting that theoretical models of NMR in doped semiconductors [ 1-51 and 
in granular metals 17-91 are based on similar assumptions, as are (with some particular 
exceptions) the models for their conduction mechanisms (compare [%I I]  and [12]). In this 
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section a brief review of the theoretical investigations of hopping transport in disordered 
systems, with the main emphasis on NMR models, is given. In the second section the 
preparation of quasi-critical samples is described, as this is important for an understanding of 
the difference between the present samples and those that are usually investigated in granular 
metal experiments. The description of the experimental methods is also given. In the third 
section it is shown that the quasi-critical samples have a nearest-neighbour hopping (NNH) 
type of conduction, characterized by a simple exponential resistance versus temperature 
dependence. It is found that, depending on the preparation conditions, the magnetoresistance 
may be either positive or negative at room temperature. Section 4 contains our conclusions. 

1,1. Hopping conduction 

Historically the first model of hopping conduction in granular metals is that of Neugebauer 
and Webb [13] ,  in which electrons transfer between nearest-neighbouring metal granules by 
tunnelling. The electrons which tunnel between grains are thermally activated, the activation 
energy being equal to the charging energy of the granule with one extra electron placed on 
it. This model gives that 
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R cx exp[2XS + V / k T ]  

where R is the effective resistance between the two grains, S the distance between them, x 
the tunnelling constant (generally of the order of l / f ,  where 6 is the localization length), 
V the charging energy, T the temperature and k the Boltzmann constant. Assuming that 
the grains are spherical, the authors of 1131 suggested the following formula for V :  

V = 2eZ/cd 

where e is the electron charge, d the diameter of the metal grains (all assumed to be equal 
in this simple model) and E the effective dielectric constant of the surrounding media. The 
validity of equations ( I )  and (2) was first confirmed by the measurements of resistance 
versus temperature dependence for planar granular mefal films on the insulating side of the 
percolation threshold [13]. However, in the majority of experiments with granular metal 
films the simple activation temperature dependence. characteristic of nearest-neighbour 
hopping, is not observed. More often the following behaviour [9 ,11 ,14]  is found to occur 
on the insulating side of the metal-insulator transition: 

R = RO exp[ TO/ T]” (3) 

where TO is a constant, and the exponent n has a fractional value, n zx 0.5 being the typical 
value. The ‘fractional temperature dependence’ is explained within the framework of the 
concept of VRH first introduced by Mott [15]. The essence of Mott’s argument may be 
explained as follows. Assuming that tunnelling is possible between all the grains (now not 
necessarily all of the same size) and not only between nearest neighbours, then at a given 
temperature there exists an optimal conduction path which consists of a series of resistances, 
each characrerized by both the individual hopping disrance Si, and the individual activation 
energy Vij. The resistance between sites i and j is now given by 

Rii cx exp(2xStj + V i j / k T )  (4) 
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with 

where Vi, !Jj are the charging energies of the two granules. Optimization can be achieved by 
minimizing the resistance of a network of individual bonds Rj,, with subject to both the hop 
length and the activation energy (see [9,12]). This may be performed by the critical path 
method and, assuming a uniform density of states, one obtains n = 4 in three dimensions 
[15]. This behaviour is often observed in amorphous semiconductors, but with a value of n 
that usually differs from $ in both doped semiconductors and granular metals. Abeles [14] 
suggests that n = 4 is the universal behaviour in granular metal films. 

Shklovskii and Efros [12] showed, for atomically doped semiconductors, that the 
Coulomb interaction results in a correlation Coulomb gap near the Fermi level which gives 
rise to the often observed result that n = $. Attempts have also been made to extend the 
idea of the Coulomb correlation gap to the case of granular metals [ 101, but there are strong 
objections to this treatment from both the experimental [ l l ]  and theoretical [19] points of 
view. 

Alternatively the result n = 4 has been obtained for granular metals in computer 
simulations [9,16], without involving the Efros-Shklovskii correlation gap. The authors 
of [9,16] use a realistic lognormal distribution of the charging energies [I71 and also take 
into account the effect of ‘random potentials’ in the material [18]. In this model [9,16] the 
result n = arises not as a result of a special conduction mechanism, but as the behaviour 
in an intermediate temperature range between that at high temperatures where one has NNH 
(n = 1) and at low temperatures where Mott’s VRH (n = a) occurs. This prediction has 
been experimentally confirmed for granular metal films in [19]. 

Although a consensus has not yet been reached on which, if any, of the models correctly 
describes vw in granular metals we have adopted the point of view that, in granular hopping 
conductivity, an n of 1 indicates NNH [9]. 

1.2. Negative magnetoresistance in the variable-range hopping conduction regime 

To the best of the authors knowledge no observations of NMR in granular metals or doped 
semiconductors, where there is NNH conduction, have as yet been reported. On the other 
hand, NMR in the VRH regime is observed in both doped semiconductors [2&24] and in 
granular metals [7,8,25]. As no theoretical models for NMR where the conduction is by 
NNH exist, one can only examine the models for NMR that apply to VRH. 

There are two alternative theoretical models of NMR in the VRH hopping regime. The 
authors of [3] extend a concept, similar to that used to explain the magnetoresistance due to 
the magnetic field dependence of weak localization in disordered metals [l.  21, to VRH-type 
conduction. The field dependence of resistance in this model is obtained using the argument 
[3] that the increase of localization due to the closed loops causes a shift in the mobility 
edge n, [26] and has the form 

where p is the resistivity, H is the magnetic field, U is the critical index of the localization 
length and T is the temperature. In experiments on films of granular copper, which have 
been oxidized during the evaporation process [7], it was shown that the magnetoresistance 
data for intermediate fields fitted equation (5) with U = 1. The shift of the metal-insulator 



5316 

transition predicted in [3] and [26] has been confirmed in the experiments on granular 
aluminium [8,25]. In both cases the samples showed VRH and were close to the percolation 
threshold. 

Here the authors 
consider the role of interference among the various possible waves corresponding to various 
trajectories of an electron tunnelling from site i to site j .  The applied magnetic field changes 
the phases of the wave-functions along different trajectories and hence the localization length 
and the conductance between the two electron sites. It may be shown by logarithmic 
averaging over an ensemble of sites [4,5] and by a first-principles percolation critical 
path calculation [6], that the orbital magnetoresistance of the macroscopic system does 
not average out, but has instead a finite negative value in intermediate and high fields. 
According to this model, in intermediate fields quasi-linear behaviour is observed: 
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An alternative treatment of the problem is suggested in [ M I .  

where Hc depends on the optimal hopping distance and the localization length. The 
predictions of this theory are in general agreement with experiments [S, 20,21,24], involving 
different VRH systems. 

Experiments with hopping systems with very small concentrations of gains, where 
one can expect the NNH behaviour at high temperatures, are limited due to the very 
high resistivity of such samples and it has been pointed out in [8] that measurements 
of magnetoresistance in this extreme case are probably not feasible experimentally. 
Magnetoresistance data are presented in [8] for granular AI samples which have zero-field 
resistances R(0) Y 10" SZ at T = 1.3 K and show a VRH type of conductance. The author of 
IS] estimates for these samples that the hopping distance S,,, z 1000 A, while the intergrain 
separation is about 30 A. One can expect that at lower concentrations of metallic grains, a 
crossover to the NNH regime must be observed at high temperatures, as the contribution of 
the next-nearest hops becomes exponentially small. No theoretical predictions of N M R  in 
this regime exist. 

Both theories, [3] and [ 4 4 ] ,  use the fact that in the VRH regime the optimal hopping 
distance is greater than the typical inter-impurity (inter-granular) separation. In both theories 
application of magnetic field changes the interference conditions, which may lead to a 
decrease of the resistance of a macroscopic sample. As in NNH the hopping or tunnelling 
distance is equal to the intergranular distance it is hard to see how the above theories will 
apply to this case. 

2. Experimental method 

The quasi-critical system described here was originally developed to obtain granular 
percolation systems, at a metal-insulator transition, for dielectric measurements [27,28]. 
The samples are prepared by first plasma spraying AI and A1203 powders, so as to produce 
a system just on the conducting side of the percolation threshold. Typical granular sizes 
are 20 or 50 wm and the samples are 1-2 mm thick. The sample is then exposed to a 
single high-density current pulse or a series of pulses, all of which have a duration of 
about 10 ps. The pulses are generated by the high-voltage capacitor bank. The current 
causes explosive evaporation of the metal granules in the percolation channels, which link 
the large metal clusters. When the charging voltage is in the range 5-40 kV the resistance 
increases from its original value by between nine and 13 orders of magnitude to between 
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IO7 and IO" 1;2 at room temperature. These samples are labelled type H (high-resistance). 
However, if the charging voltage is between 0.5 and 3 kV the resistance increases by only 
5-7 orders of magnitude to between IO' and IO' R at room temperature and exhibits a 
D.C. hopping conductivity. These are labelled type M (medium-resistance) samples. In the 
intermediate voltage range 3-5 kV one cannot be certain if a type M or a type H will be 
obtained. A sample subjected to a series of low-voltage (0.5-3 kV) pulses may first undergo 
a metal-insulator transition to type M and then cross over to the type H behaviour. 

Samples in this paper are labelled N - P  (M or H) where N is the sample number, P is 
the number of pulses and M or H indicates the type of sample. 

The DC resistance of the samples, with room temperature resistances of IO7 S2 or more, 
are measured with a Keithley 611 electrometer in the two-probe V / I  mode, using constant 
voltages of 0.1,l and 10 V, between 330 K and the temperature where the resistance exceeds 
IO", IOl3  and lOI4 1;2 with 0.1, I and I O  V respectively. Medium-resistance measurements 
are made using the standard four-probe technique with a scanned digital voltmeter and 
standard resistance. Resistance is measured between 300 K and the temperature where R 
reaches IO6 or IO*-the maximum measurable value of R for the experimental apparatus. 
In both cases the electrical contacts are made with silver paste. The temperature variation is 
obtained by lowering the samples into a helium or nitrogen storage vessel and is measured 
using an RhFe thermometer. A computer-controlled data acquisition system monitors the 
measurements continuously and records a point every time the temperature has changed by 
1 K or more, or when the value of the resistance has changed by 1%. 

DC magnetoresistance measurements are performed using a water-cooled Cu coil magnet 
with pole pieces having a diameter of 10 cm. The magnitude of the magnetic field 
is measured with a calibrated Hall sensor. These measurements are performed at room 
temperature and at 77 K, the latter with the sample in a small nitrogen Dewar. Since the 
resistance of the samples is very sensitive to temperature drift, after having applied the 
DC test current we had to wait for several hours before thermal equilibrium is achieved. 
Resistance at a given value of the magnetic field is measured for both directions of the 
field. The zerc-field resistance is measured after every measurement in the magnetic field 
in order to take into account possible resistance drift due to the temperature variation. Our 
attempts to observe the Hall effect in the quasi-critical samples have not been successful. 

3. Results and discussion 

As figure 1 shows, prior to the current pulses the plasma-sprayed samples have a 
temperature-dependent resistivity typical of a dirty metal. The large residual resistance is 
thought to be due to tunnelling in the oxide films that separate the AI grains. The samples 
do not become superconducting, since the lowest temperature reached is only 4.5 K. 

The plots of the resistance of the type M and type H samples versus temperature indicate 
behaviour typical of hopping conduction. In order to unambiguously obtain the temperature, 
dependence (n in equation (3)) for the resistivity of the type M and H samples, the data for 
these samples were, following [29], plotted in the form dln( l /R)/dlnT against ln(l/R), 
the data for this graph being determined from the numerical derivative of a set of shape- 
preserving cubic splines that were fitted to the original numerical resistivity data. As shown 
in figure 2 for sample I-IM, if the data obey equation (3), they will appear as a straight 
line with a slope of -n. This procedure showed that all the type M samples had an n 
of one. The dln(l/R)/dln T against In(l/R) data for the type H were very noisy due to 
the very high resistances, and in only one case was it possibb to clearly establish that n 
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was equal to 1. However, as the statistical deviation between the experimental results for 
these samples and fits to equation (3) were also better for n = 1 than n = f for all these 
very-high-resistivity samples, it was concluded that n was also equal to one for this class 
of samples. Because, as discussed in the first section, VRH gives rise to an n of or 4 in 
three dimensions it must be concluded that both the medium- and high-resistivity samples 
are exhibiting NNH as n = 1.  

2 1  ' " " ' " " ' 
-19 - 1 7  -15 -13 - 1 1  -9 

I ng 

Figure 2. The logxilhmic tempemure derivative of Ing as a function of Ins (points). where 
g = 1 / R  is the conductance for sample 1-IM. Straight lines indicate the slopes obtained with 
n = 1. n = 7 and n = 4 from equation (3). I 

Figure 3 shows a plot of the resistance on a log scale against I j T :  

(i) Where sample 2 has been exposed to two pulses with charging voltages of 1 kV 
and 0.5 kV and the room temperature resistance R(300) is 2.9 kQ, i.e. sample 2-2M. The 
activation energy V is found to be 8.2 x eV. 
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103 x Inverse temperature l I / K I  
Figure 3. This figure shows the resistivi[y an a logarithmic scale against lhe inverse temperature 
for lhe samples 2-2hl and 24M. 

(ii) Where sample 2 has been exposed to two subsequent pulses with a charging 
voltage of 0.5 kV and R(300) is 5.77 kQ, i.e. sample 2-4M. The activation energy is 
now 9.4 x lo-* ev. 

Based on the method of sample preparation, which involves the explosive evaporation 
of AI grains into the dielectric, one may assume that the hops occur between the small 
metallic granules that have condensed into the dielectric host medium. Then, assuming that 
the granules all have a similar size, the mean diameter d can be calculated from equation (2) 
using the measured activation energy, if E is known. 

The value of E in equation (2) needs special consideration. In the VRH region [9-121, an 
electron tunnelling between two localization centres traverses close to other electron sites 
(granules) because the hopping length is greater than the separation between the nearest- 
neighbour sites (granules). Therefore the electron tunnels through an effective medium, 
where the effective dielectric constant is greater than that of the host insulator [ 11 J .  The 
effective dielectric constant ce8 may be evaluated using percolation 1301 or effective medium 
[31] theories. However, if, as previously stated, the assumption is made that in both the 
M-type and H-type samples the scale of the hopping process is of the order of intergranular 
separation, the above theories cannot be expected to hold. When the hopping is between 
nearest neighbours one can in principle use the mean dielectric constant of the insulator 
phase, the latter to be defined taking into account the geometrical arrangement of air, A1203 
and AI grains in the hopping channels. 

We assume that when a metallic (AI) ‘bond‘ that has a length of the order of the size 
of the grains in the initial percolating system, i.e. 20 pm or 50 pm, explodes due to the 
high-density current the tiny metal particles condense on the surface and in the pores of the 
surrounding AI203 grains. It must therefore be assumed that the majority of A1 granules 
condense into a tubular array on the A1203 surface surrounding the exploded grains. On 
a macroscopic scale these hopping arrays are located in fractal ‘cracks’ or the insulating 
interlayers separating the macroscopic metallic percolation cluster [32]. Inside the fractal- 
shaped interlayers the tubular hopping mays form a kind of a parallel resistor circuit 
between adjacent clusters. Note that this paper has and will primarily discuss resistance- 
and geometric-factor-independent quantities such as the activation energy since the true 
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geomehic factor is that of a series of arrays of tubular 'blow holes' arranged in fractal 
'cracks'. 

Therefore, again assuming that the tunnelling is between nearest-neighbour grains, we 
conclude that the effective dielectric constant, to be used in the estimate of the granular 
diameter d from the above results, has a value intermediate between the values for pure 
alumina ( E  N 10) and air or vacuum (6 = 1). (This assumption was also made by 
Neugebauer and Webb [13] in making an estimate of the dielecwic constant of the medium 
surrounding evaporated metal granules on flat glass substrates.) However, as has been 
previously discussed, the dielectric constant may increase due to the presence of the nearby 
granules. Taking these factors into account we choose the value of E to be close to that 
of pure alumina, i.e. 6 II 10. Then, using the experimentally observed values of activation 
energy for type M samples, V, = V = 0.07-0.10 eV, the diameters of granules are estimated 
from equation (2) and found to lie between about 30 and 45 A for all samples of this class. 
Also note that we have neglected the possibility of a Coulomb gap 191. The actual activation 
energies and corresponding grain sizes are shown for a number of type M samples in table 1. 
Note that when a sample is subjected to a series of current pulses, this leads to an increase 
in the activation energy V of conduction (figure 3) and a corresponding decrease in the 
average size of metal granules between which hopping occurs. If exposed to a sufficiently 
high current pulse or a series of smaller pulses, the resistance of the sample increases 
abruptly by several orders of magnitude to a type H sample, corresponding to an abrupt 
increase in activation energy. 

A B Pakhomov et a1 

Table 1. The activation energies V and grain sizes d for vmious type M and H samples. Note 
the complete absence of intermediate vdues. 

Sample 

1-lM 2-2M M M  3-3M 4-lM S l M  6 - lM 7-IM 8-IM 

Activation energy V (eV) 0.085 0.082 0.093 0.069 0.085 0.099 0.087 0079 0.073 
Estimaled d (A) 35.00 35.00 30.50 45.40 33.90 29.00 33.00 36.36 39.26 

Sample 

9-1H I&IH 11-IH 1Z.I" 13-1H I & l H  15-1H 161H 17-1H 

Activation energy V (eV) 0.793 0.793 0.991 0.913 0.950 0.952 1.069 0.741 0.819 
Estimated d (A) 3.635 3.635 2.900 3.150 3.035 3.025 2.695 3.880 3.516 

Figure 4 shows the results for the magnetoresistance [R(H) - R(O)J/R(O) at room 
temperature of samples 2-1M, 2-2M, 2-3M and 2-4M for a magnetic field perpendicular to 
the sample plane, when the DC current is flowing in the plane. All these samples, which 
are different modifications of the basic sample 2, display an NMR, the magnitude of which 
decreases with the room temperature resistivity and hopping activation energy and eventually 
vanishes into the noise when R(293 K) is about 300 kC2 and d 5 30 A. If the magnetic 
field is parallel to the current, which is in the plane of the sample, the magnetoresistance 
decreases by approximately a factor of two. As shown in figure 5 for sample 3-3M the 
magnitude of the magnetoresistance increases by a factor of about 3.5 as the temperature 
drops from 293 K to 17 K. There are insufficient data to determine the exact temperature 
dependence of this NMR, as temperature stability requirements make these measurements 
very difficult. 
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Figure 4. This figure shows the negative magnetoresistance [ R ( H )  - R(O)I/R(O) against the 
magnetic field for a sample which has k e n  exposed to a series of current pulses: Z-IM, 2 . 2 ~ .  
2-3m and 2 4 M .  The straight lines are linear least-squares fits to the experimental data 

" "  
I.l 

0.20 0.60 1.00 I .40 1.80 
Magnetic Field I T )  

Figure 5. This figure shows the negative magnetoresistance [ R ( H )  - R(O)I/R(O) field for the 
smple 3-3M at T = 293 K and T = 77 K. 

The lines through the data in figures 4 and 5 are linear least-squares fits to the data at 
fields above 0.1 T. Linear fits were the best for the majority of the type M samples, but in 
some instances the magnetoresistance above 0.1 T was found to be more accurately described 
by an H0,85-0.95 dependence. In some cases the data would appear to extrapolate to above 
the origin. Due to the noise, the field dependence below 0.1 T could not be determined. 
The origin of the resistivity noise in quasi-critical samples has not been investigated. We 
assume that it is due to charge fluctuations in finite-sized macroscopic percolation clusters 
Wl. 

Quasi-linear behaviour of the NMR for VRH is predicted by the theories given in [& 
61, and this type of behaviour has been observed experimentally in doped semiconductors 
[20,21]. However, as it has been shown that in the type M quasi-critical samples nearest- 
neighbour intergranular hopping is occurring, application of this VRH theory to these NNH 
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results would not prove anything. 
The resistivity and magnetoresistance of the type H samples, which also show a 

temperature dependence characteristic of NNH, are very different from those of the type M 
samples. Figure 6 shows plots of resistance, on a logarithmic scale, against I /T  for various 
type M and type H samples. Typical activation energies and corresponding ‘grain’ sizes are 
shown in table 1 for several type H samples. Since the ‘granular’ diameters calculated for the 
type H samples are comparable with atomic dimensions, we must assume that localization 
centres in the type H samples are single AI atoms, rather than AI granules. Note that no 
samples with activation energies between 0.099 and 0.713 eV or ‘grain’ sizes between 3.6 
and 29 nm are observed. The reason for this is not known. Grains of this size may not be 
formed due to the extreme conditions during the electric explosion in which the grains are 
created. There is no reason to believe that AI grains smaller than 30 .& cannot be created or 
exist in other experimental situations. Indeed, nickel and copper metallic granules (clusters) 
consisting of several atoms have been produced and studied [34]. 
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102 
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10’ x Inverse temperature l i / K I  
Figure 6. Plots of the resistance on a logarithmic scale against inverse temperature for various 
type M and type H samples. 

It should also be noted that an activation energy of 0.7-1.1 eV does not preclude the 
presence of some grains with diameters of 30 8, or more. What it does imply is that these 
larger grains, with their lower charging energies, are on average too far apart to contribute 
significantly to the production process. 

Due to the high resistance, the resulting noise, and the extreme sensitivity of the 
resistivity of the type H samples to small temperature variations, it proved very difficult 
to measure their magnetoresistivity. All that can be stated is that magnetoresistivity is 
positive for the type H samples and has a magnitude of about IOd3 when a magnetic field of 
0.7 T is perpendicular to the plane of the sample and the current, and approximately a factor 
of two smaller when the field is parallel to the current. As the charge carrier sites in the 
type H samples are probably isolated atoms, one may consider applying theories designed 
for doped semiconductors. One such theory would lead to the conclusion that the increase 
in resistance with magnetic field could be due to the shrinkage of the wave functions of 
electrons localized on the ‘impurity’ states or ‘atomic’ AI sites [12]. 
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4. Conclusions 

The most important aspect of this paper is the observation of an NMR for a system in which 
the temperature dependence is R ( T )  = Roexp[V/kT], which is indicative of N M ~ .  To the 
best of our knowledge this is the first time that an NMR has been observed for a system 
with this temperature dependence of the resistivity, and no theories exist to describe this 
phenomenon. 

The second important observation is that two very distinct ranges of V (or d)  occur. 
Furthermore it would appear that the abrupt crossover from a low activation enerzy to a 
high activation energy takes place as the energy released during the sample preparation is 
increased beyond some critical threshold. 

The authors believe that the microsmcture of the quasi-critical samples, which was 
discussed earlier, is unique and that this is the reason why an NMR, combined with a 
temperature dependence that indicates NNH, has been observed for the first time. 
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