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The changes in the electrical transport properties and mechanism of conduction in disordered carbon, with the extent of graphi-
tization, are studied and discussed. With heat treatment induced graphitic ordering, the electrical properties are considerably
modified, inducing a crossover from strong localization to weak localization behavior. Accordingly, the conduction mechanism
is modified from 3-dimensional variable range hopping (3D VRH) model to 2-dimensional weak localization (2D WL) model.
Results show that carrier-carrier and carrier-phonon interactions play major roles in developing the weak localization behavior

with the extent of graphitization.

1 Introduction

Disordered carbon consists of both sp® and sp? hybridized
carbon atoms distributed in different proportions.> Among
these, both the sp? and sp> carbons give rise to the ¢ valence
and ¢* conduction states separated by a large gap (~4-6 eV)
and the weak 7 bonds arising from sp® carbons form the 7-7*
states occupying the larger gap formed between the o states. |
Because of this difference, the sp>-rich carbon systems have
less density of states near the Fermi level, compared to the
sp2-rich systems. The 7 states formed by the sp> carbon atoms
are sensitive towards the sp> to sp” ratio, their geometrical
correlation, clustering of sp2 carbon atoms etc.? Therefore,
a modification in the electronic properties with clustering of
the sp? carbon atoms is expected because of the difference
in the band structure owing to the difference in the bonding
characteristics and extent of spacial correlation between the
sp2 carbon sites.> For disordered carbons, heat treatment is
known to aid structural ordering by thermally assisted clus-
tering of sp” carbon atoms, along with the migration of sp
defects, thereby decreasing considerable strain energy asso-
ciated with a randomly distributed sp/sp® structure.*> For a
pre-graphitic system, where chains and clusters of benzenoid
networks are embedded in an sp® matrix, the electronic prop-
erties critically depend on the extent of graphitization and will
be different from that of any other system with less number of
benzenoid network or degree of clustering. %’

The extent of structural ordering or graphitization in carbon
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structures depends on the heat treatment temperature (HTT). 3
The heat treatment driven structural ordering modifies the
electrical properties in disordered carbon and enhances the
conductivity, thereby developing a metallic state which can
be directly observed from the changes in the temperature de-
pendance of resistivity. The HTT driven insulator-metal (I-M)
transition has been previously observed in thin films of non-
graphitic disordered carbon, amorphous carbon fibers etc.®?
Different models have been used to describe the electrical
properties in both the regimes. In the insulating side of the
transition, the conduction process is governed by hopping of
charge carriers between the 7 and 7* levels by different mech-
anisms. The Mott variable range hopping (VRH) and ther-
mally assisted hopping of charge carriers have been reported
as the possible mechanisms of conduction in the different dis-
ordered carbon forms. %12 The Mott VRH model, based on
the thermally assisted hopping of charge carriers between the
localized states near the Fermi level, is given by equation 1,
where Tj is the characteristic Mott temperature which depends
on the electronic structure, density of states near Fermi level
and localization length, pg is the pre-exponential factor and

B = 715 for d-dimensional conduction. 314
7\ P
p()=poer (1) m

The fundamental assumption of Mott VRH theory is that
the density of states near the Fermi level is constant. '3 Later
Efros and Shklovskii showed that the density of states near the
Fermi level may vanish, creating a gap near the Fermi level,
called the Coulomb gap (CG), due to the long-range Coulomb
interaction between the localized electrons. !> The electrical
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transport property is then governed by equation 1, with § =
1/2 (d = 1), and this model is known as CG VRH or the Efros-
Shklovskii (ES) type VRH conduction. A crossover from Mott
VRH to CG VRH has been observed in different systems such
as disordered carbon films, 3 boron doped carbon, 16 thin films
of In, Oy, 17 etc. Apart from VRH, thermally activated hopping
due to the thermal excitation of charge carriers from localized
states to the extended states of the energy band and multi-
phonon tunneling due to the weak lattice carrier coupling in
a delocalized 7 system has also been observed to be operat-
ing in disordered carbons heat treated below 800 °C and sput-
tered amorphous carbon films. %12 In less disordered carbon
samples, which are close to the metallic regime, the transport
properties are modified with a weak temperature dependance
of resistivity and the conduction mechanism is affected by the
columbic interactions in the presence of disorder, '® 2D weak
localization, 1? etc.

Another effect which modifies the conduction mechanism is
the Kondo-type scattering of the conduction electrons by mag-
netic impurities when present in a conducting non-magnetic
lattice.?’ The magnetic impurities in a non-magnetic lat-
tice flips the complementary electron spins to different ex-
tent, thereby scattering the two complementary electron waves
asymmetrically. This effect in turn destroy their phase co-
herence and results in a destructive interference leading to a
small increase in the resistivity at low temperatures.?’ Mag-
netic impurity scattering has been experimentally verified in
different carbon based systems like graphene with Co adatoms
and defective graphene as well as in inorganic compounds like
Yb,0s,Ge,; and UCo, sSb,.2!2*. The defect induced mag-
netic moments in He™ irradiated graphene have been shown
to couple strongly with the conduction electrons in graphene
leading to a destructive interference of election waves. 2>

The modification of the hopping conduction with HTT in
the insulating regime of the I-M transition has been studied
in disordered carbon films,® and amorphous carbon fibers.®
However, the changes in the conduction mechanism with
graphitization in the metallic side of the I-M transition has
not been addressed so far. In this regime, since the extent of
graphitization is much higher, the conduction mechanism gets
modified due to the carrier interactions in the presence of weak
disorder or due to the weak magnetic moment induced by the
edge state spins of isolated graphitic clusters.? In this paper
we report the details of the changes in the conduction mecha-
nism with the structural ordering in amorphous carbon. Struc-
tures with large disorder shows exponential increase in resis-
tivity at low temperatures, following the Mott VRH behavior,
whereas graphitic carbon shows comparatively a temperature
independent resistivity curve consistent with the weak local-
ization behavior.

2 Experimental

Disordered carbon with different extent of graphitization was
prepared by pyrolysis of coconut shell, under flowing nitro-
gen, as described in the literature.? The heat treatment tem-
perature was varied from 600 °C to 1000 °C and the samples
were labeled as HTxxx, where XXX is the heat treatment tem-
perature. Resistivity of the thin carbon pellets (~10 mm x ~10
mm) were measured by the Van der Pauw method?® using a
Keithley 220 constant current source and a Keithley 196 mul-
timeter. Resistivity of HT600 was measured using a Keithley
6517A model electrometer. X-ray diffraction (XRD) studies
were performed on a PANalytical X pert pro X-ray diffrac-
tometer using Cu Ko radiation. Raman spectra were recorded
on a Horiba JY labraman HR 800 micro Raman spectrometer
using 633 nm He-Ne laser.

3 Results and discussion

With the increase in the heat treatment temperature, the dis-
ordered carbon structure is known to relax to an ordered
graphitic structure by the migration and clustering of sp?
bonds in a disordered sp® network. Previous studies on non-
graphitizable carbon indicated that the conversion from sp> to
sp” hybridized state takes place only at very high temperatures
(> 1300 °C).® However, the migration and clustering of sp?
carbon atoms start at much lower temperatures (~600 °C) and
the extent of clustering increases as the temperature increases,
which can be monitored by X-ray diffraction and Raman spec-
troscopy, as reported in the literature. +8-27-28

The XRD patterns of the heat-treated disordered carbon
(Figure 1(a)) consist of two broad peaks, at ~23° and ~44°,
corresponding to the (002) and the (100) Bragg reflections.
From the widths of these peaks, the out-of plane (L) and in-
plane (L,) coherence lengths, respectively, are calculated us-
ing a Scherrer-type equation.?%** For HT500, both (002) and
(100) peaks are very broad with intensity of the latter being
much smaller when compared to the other. However, with the
increase in the HTT, the widths of both the peaks decrease
with an increase in the relative intensity of the (002) peak, in-
dicating the ordering of carbon phase.? It is observed that the
in-plane (L,) and out-of-plane (L.) coherence lengths increase
(Figure 1(b)) from 15 to 20 A, and from 12 to 16 A, respec-
tively, with the increase in the heat treatment temperature from
500 to 1000 °C. The increase in the coherence lengths shows
the heat treatment induced ordering of the carbon structure.

In the Raman spectra of carbon structures, the graphitic G-
peak at ~1575 cm™! corresponds to the in-plane bond stretch-
ing motion of sp? carbon atoms and the D-peak at ~1335
cm™!, which is otherwise absent in the spectra of perfect
graphite, emerges due to the breaking of the crystal symme-
try, which activates certain vibrational modes.?! The changes
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Fig. 1 (a) XRD patterns of carbon samples heat treated at different
temperatures, (b) coherence lengths L, and L. calculated from the
(100) and (002) peaks, respectively, as a function of HTT.

in the vibrational density of states, with the extent of graphi-
tization, are known to affect the D-peak to G-peak intensity
ratio (Ip/I) as well as shifts the G-peak position in the Ra-
man spectra and these observations have been used to track the
graphitization process as described by Ferrari and Robertson
using their three-stage model.?® According to this model, the
changes in the characteristics of the Raman G- and D- peaks
during the ordering of a disordered carbon phase to a perfectly
crystalline system, or vice-versa, can be broadly classified into
three stages.?® The boundary of stage-1 is between perfectly
crystalline graphite and nanocrystalline graphite, where the
Ip/I ratio (0-2) as well as the G-peak position (1580-1600
cm™!) increases continuously due to the changes in the vibra-
tional density of states during the conversion from monocrys-
talline graphite to polycrystalline graphite.?3% Further disor-
der in the nanocrystalline graphite induces a different trend for
both the Raman spectral parameters. Both parameters steadily
decrease due to the insertion of sp> defects, resulting in amor-
phous carbon structure (~20% sp°) and this region is clas-
sified under stage-2. In this region, the structure consists of
disordered hexagons as well as non-hexagonal rings owing to
bond angle and bond-bending disorder induced due to the in-
sertion of sp? defects. 2833 With more and more sp> defects be-
ing inserted into the carbon structure, the extent of sp” cluster-
ing decreases and eventually reaches a stage where sp? dimers
are embedded in sp? matrix.?®333% In this region, with the in-
crease in the sp® content, the G-peak position increases while
the Ip/I; ratio shows a small decrease, characterizing stage-

Fig. 2 (a) Changes in the I(D)/I(G) ratio with HTT and L, (Inset),
(b) variation of the G-Peak position with HTT. Solid lines are guide
to the eyes.

3. In the case of the graphitization process from disordered
carbon (as in the present study), the changes in the Raman
spectral characteristics are expected to show a reverse trend
on heat treatment, that is, transition from stage-3 to stage-1
through stage-2.

Figure 2 shows the variation of the I(D)/I(G) ratio of as well
as the G-peak position, extracted from the Raman spectra, as
a function of HTT. The changes in the microstructure from
disordered carbon to a nanographitic structure is reflected in
the Ip/I ratio, with a large initial increase at low HTT and a
saturating behavior at higher HTT, which is characteristic of
a crossover from stage-2 to stage-1, as described by Ferrari
and Robertson.?® The G-peak position also increases as the
HTT increases from 500 to 700 °C, which then decreases with
increasing HTT after going through a maximum for HT700.
This indicates that the samples HT500 to HT700 fall under
stage-2, where the I(D)/I(G) ratio and the G-peak position in
the Raman spectra indicate an increase in the number of disor-
dered hexagons with increase in HTT. On increasing the HTT
above 700 °C, the shift in the G-peak position follows stage-1
behavior, which includes nanocrystalline graphite since there
is considerable ordering by the formation of graphitic clusters
in a disordered background owing to the ordering of hexagons
and corresponding structural relaxation induced by thermal
energy.+?® The enhancement in the values of L, and L. (Fig-
ure 1(b)) with HTT also occurs in a particular manner, with
a larger increase from HT500 to HT600, which then becomes
gradual and further increases above HT800. This shows that
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Fig. 3 Temperature variation of resistivity of different heat treated
samples.

the extent of graphitization is much higher in stage-1 (HT800
to HT1000) when compared to stage-2 (HT500 to HT700) and
therefore supports the observed changes in the Raman spectral
characteristics.

The resistivity curves of the samples heat treated from 600
to 1000 °C, as a function of temperature, are shown in Fig-
ure 3. The sample HT500 was found to be highly insulating
and thus, the resistivity measurements could not be performed
at low temperatures. For all the samples, the resistivity in-
creases with decreasing temperature. The lower HTT samples
(HT600 and HT700) show large increase in the resistivity on
lowering the temperature, whereas for higher HTT samples
(HT800, HT900, and HT1000), the resistivity curves show
only a weak temperature dependance. The room temperature
resistivity (p293x) shows large changes with HTT as shown
in Figure 4. HT600 has a paggx of 450 Ohm cm, which de-
creases by four orders of magnitude on increasing the HTT
to 700 °C. paogx of HT800 is reduced by a factor of ten when
compared to that of HT700 and on further increase in HTT, for
HT900 and HT1000, the py9gx shows nearly saturating trend
with much smaller decrease. The low temperature to room
temperature resistivity ratio (psx/P298x) also shows a similar
trend, with a decrease of five orders of magnitude when HTT
is increased from 600 to 700 °C and three orders of magni-
tude decrease from HTT 700 to 800 °C, followed by a gradual
decrease.

In disordered electronic systems with large degree of dis-
order, the localization length, &, is small due to the localiza-

Fig. 4 Variation of (a) room temperature resistivity and (b)
low-temperature to room temperature resistivity ratio with HTT.
Solid lines are guide to the eyes.

tion of conduction electrons in a small length scale, since the
benzenoid network of conduction electrons are too small with
wide spatial separation.>> The strong localization effect in dis-
ordered carbon is reflected directly in the p-T curve, with an
exponential increase in the resistivity as temperature is de-
creased.® In heat-treated disordered carbon, the disorder de-
pends not only on the concentration of the sp® defects but also
on the degree of clustering of the sp® carbon atoms.® Thus,
in strongly disordered systems, & becomes comparable to the
benzenoid cluster size whereas in weakly disordered systems,
& can be much larger, exceeding the distance that an electron
travels before it encounters a scattering center or comparable
to the actual size of the sample. 333 This decrease in the defect
induced scattering of conduction electrons results in a weak
temperature dependance of the p-T curve, %37 as observed for
HT800, HT900 and HT1000 (Figure 3). The changes in the p-
T behavior indicates the crossover from insulating to conduct-
ing regime. The nearly temperature independent p-T behav-
ior of HT1000 shows that the sample is in the critical regime,
being more towards the metallic side. The negative value of
dp/dT at higher HTT should be arising from the randomness
in the nanographitic cluster size and spatial correlation. Sim-
ilar changes in the room temperature resistivity as well as the
low temperature to room temperature resistivity ratio, with in-
crease in the heat treatment temperature, has been observed in
amorphous carbon fibers and non-graphitic disordered carbon
films prepared by PLD. % This has been interpreted as a direct
consequence of the decrease in the disorder induced scattering
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Fig. 5 Fit (solid line) to the experimental data (open circles) using
the Mott 3D VRH law (equation 1). Some points in the experimental
data are skipped for clarity.

of charge carriers, owing to the development of percolation
pathways consisting of delocalized benzenoid networks with
elevation in the structural regularity.

Carbon systems with large disorder, such as those belong-
ing to stage-2, are expected to show variable range hopping
conduction at low temperatures since the charge carriers are
extremely localized due to the small cluster size.>> The car-
rier transport in these materials are expected to occur through
three dimensional variable range mechanism due to the ran-
domness in the conduction pathways. Therefore the p-T data
of the different samples are analyzed according to the Mott 3D
VRH type conduction mechanism (equation 1, § = 1/4). The
experimental data of HT600 and HT700 are found to fit well
to the Mott 3D VRH model (Figure 5), as expected for highly
disordered materials. However, for HT800, the experimental
data diverges from the Mott 3D VRH law, at low temperatures
(below 110 K), which is likely to be due to the modification of
the conduction mechanism with structural ordering.

The value of Ty extracted after least-squares fit to the ex-
perimental data to equation 1 (8 = 1/4) for HT600, HT700
and HT800 shows a continuous decrease with increasing HTT
(Table 1). The pg values are in good agreement with those ob-

Table 1 Values of T and pg obtained from fitting experimental data
to 3D VRH law and N(Er) values calculated by using equation 2.

To (K) N(Ep) (eV-lem™)
2x107 1018
8x10° 10"
2x103 1022

Sample
HT600
HT700
HT800

Po (Ohm cm)
4.1x107°
7.5x10~%
74%x1073

tained for non-crystalline carbon heat-treated at similar tem-
peratures.!! The decrease in Ty indicates that the mobility
edge is approaching the Fermi level (Er)with increasing HTT
due to the associated structural ordering. Ty is related to the
localization length, &, and the density of states near the Fermi
level, N(EF), through the relation shown in equation 2 and
these are important parameters which indicate the extent of
localization in a disordered electronic system. 8

wl—

E= []‘BTON(EF)}_‘ )

18

In highly disordered carbon, where the charge carriers are
extremely localized, the localization length can be taken as
the effective coherence length or the graphitic cluster size cal-
culated from the XRD data.® Therefore, the N(EF) values
are calculated using equation 2, after substituting the L, val-
ues calculated from XRD data for . The increase in N(EF)
with HTT (Table 1) is consistent with the evolution of band
structure in disordered carbon by the introduction of localized
states near the Fermi level due to the thermal energy assisted
clustering of sp> carbon atoms at the expense of the strain en-
ergy. 3

Due to the decrease in the structural disorder, a divergence
from the 3D VRH law, with a modification of the conduc-
tion mechanism to the Coulomb gap VRH (CG VRH) law,
has been observed previously in heat-treated non-graphitic
disordered carbon films and boron-doped carbon.®!® This
crossover from 3D VRH to CG VRH is due to the steep in-
crease in the localization length with decrease in the disor-
der, which becomes comparable to the mean hopping length
due to the elevation in the carrier density and increase in the
mean free path. 16 However, in the present case, such a cross
over to CG VRH or even to a Mott 2D VRH (d = 2, f8 =

1/3 in equation 1) mechanism was not observed for HT800
or for other higher HTT samples. The deviation from Mott
3D VRH law for HT800, along with the weak temperature
dependance of resistivity observed for HT800, HT900 and
HT1000, is indicative of a change in the insulating character
and emergence of a semiconducting nature with the increase
in the extent of graphitization. Even though the heat treat-
ment in the temperature range 1000-1500 °C cannot induce
a complete in-plane ordering, as reported,* this effect, previ-
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ously observed in disordered carbon film, was analyzed based
on the Drude model for the 2D graphene 7 band after con-
sidering an orientation disorder in graphene layers.® Similar
kind of resistivity anomaly was observed in pre-graphitic car-
bon and this has been ascribed to the two possible factors, a
small mean free path owing to the coulomb interaction in the
presence of disorder or the two-dimensional weak localiza-
tion (2D WL). '8-2040 The resistivity data of HT800 and above
have been analyzed based on these two models

For disordered materials, the modification in the low-
temperature resistivity due to the inelastic carrier-carrier and
carrier-phonon interactions is given by equation 3.

o(T) = oy +AT? 3)

The second term in equation 3 accounts for the carrier-carrier
and carrier-phonon interactions. 37 A T'/2 dependance of
the conductivity (p = 0.5 in equation 3) is reported for disor-
dered systems if the scattering process is dominated by carrier-
carrier interactions. '3 However, if the carrier-phonon interac-
tions dominate, the value of the exponent increases above 0.5,
typically in the range 0.75 to 1.5, depending on the relative
variation in the phonon wavelength and the system dimension-
ality determined by the extent of disorder.?” The resistivity
curve of HT800 exhibits good agreement with equation 3, as
shown in Figure 6. The fitting parameters obtained are oy =
0.64 O 'em™!, A =2.05 and p = 0.45. Since T'/? depen-
dance of conductivity is characteristic of inelastic scattering
by charge carrier interactions, the value of p closer to 0.5 for
HT800 suggests that the carrier-carrier interaction dominates
at the initial stages of graphitization.'® As HTT is increased
to 900 and 1000 °C, equation 3 remains valid for nearly in the
entire high-temperature region, but a small deviation is ob-
served at very low temperatures, with the conductivity being
slightly lower than the fitted value (insets in Figure 6) and the
difference increases with increasing HTT.

The 2D WL mechanism has been observed to be operative
in considerably ordered pre-graphitic carbon system as well as
in mechanically exfoliated graphene flakes.'®*' 2D WL orig-
inates when the probability of elastic scattering of charge car-
riers by static defects is larger than the inelastic scattering due
to carrier-phonon or carrier-carrier interaction.!'® In the case
of graphene flakes, the scattering of charge carries can be ei-
ther from inherent structural defects or graphene edges.*' The
2D WL in graphitic clusters have been identified to produce a
very small decrease in the conductivity (increase in resistivity)
at low temperatures since the inelastic scattering increases as
the temperature decreases, and therefore, an additional loga-
rithmic temperature dependent term is used in equation 3, as
given in equation 4, 1840

o(T) = 6 +AT? + BInT )

96+ HT1000
88t
o=
sy
80t . . . .ZOT(P.()SO .
50 100 150 200 250 300
70
€
2 60
€
c
)
5 50 : ‘
20 1 1) 30
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287800
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Fig. 6 Fit (solid line) to the experimental data (open circles) using
equation 3. The insets show the data below 35 K. Some points in the
experimental data are skipped for clarity.

On using equation 4, which includes the logarithmic correc-
tion term for weak localization interpretation, the fitted curves
exactly follow the experimental data in the entire measured
temperature range for both HT900 and HT1000 as shown in
Figure 7 (a,b). The fitting parameters obtained for the o-T
curves of HT800, HT900 and HT1000 using equation 3 and
equation 4 are listed in Table 2.

Figures 7 (c) and (d) show the temperature dependent con-
tribution of each term in equation 4 towards the conductivity
of HT900 and HT1000, respectively. The exponent term (p)
of T in equation 4 for HT900 (p=0.79) and HT1000 (p=0.84)
is greater than 0.5, and increases with the extent of graphitiza-
tion, indicating the role of phonon mediated scattering process
along with the carrier—carrier interactions.?” For HT900, at
300 K, along with the temperature independent term oy (34.40
Q_lcm_l), T? and BInT terms contribute 22.30 @ 'cm~! and
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Fig. 7 Fit (solid line) to the experimental data (open circles) using equation 4 for (a) HT900 and (b) HT1000. Some points in the
experimental data (a and b) are skipped for clarity. (c) and (d) show the corresponding changes in the different terms in equation 4 with

temperature.

Table 2 Least squares fitted parameters using equation 3 and
equation 4 (values in brackets).

Sample cp(Q 'em™") A p B
HT800 0.64 2.05 0.45 -
HT900 37.80 1.04 0.60 -
(3440)  (025) (0.79) (2.26)
HT1000 77.50 0.12 0.90 -
(76.60)  (0.18) (0.84) (0.08)

12.89 Q~'em™!, respectively, towards conductivity, whereas
for HT1000, T” and BInT terms contribute 21.18 Q 'cm™!
and 0.47 Q'cm™!, respectively, along with the temperature
independent term oy (76.60 Q~!cm™!) (Table 2 and figures 7
(c) and (d)). For both the samples, the contribution of the ex-
ponent term decreases steadily nearly in same magnitude as
the temperature is decreased and hence forms more or less
a straight line with nearly same slope. However, the con-
tributions from the 2D WL term is decreased by two order
of magnitude while moving from HT900 to HT1000. This
suppression of WL effect can be due to the decrease in the
defect density in HT1000 when compared to that in HT900.
For HT900, as the temperature is decreased below ~120 K,

the contribution from BInT term is higher than that from T?.
This indicates an apparent higher contribution from the 2D
WL term over the carrier-carrier interaction term below ~120
K. Because of this, even though equation 4 is required to fit
the experimental data in the entire temperature range, it may
be noted that the experimental data deviates only to a smaller
extend from equation 3 (figure 6). However, in the case of
HT1000, the contribution from the BInT term is always lower
than that of the T? term and it can also be noted that there
is a considerable increase in d(BInT)/dT below ~ 50 K due
to which the total conductivity decreases to a greater extend
below this temperature when compared to the contribution at
higher temperatures. Thus the 2D WL mechanism is likely to
be prominent than other scattering processes, thereby inducing
a small additional resistivity, particularly at very low tempera-
tures. Hence, with graphitic ordering, depending on the extent
of graphitization, the 2D WL becomes important as observed
previously in pre-graphitic carbon fibers. '°

Apart from 2D WL, magnetic impurity mediated scatter-
ing has also been observed to produce a similar decrease in
the conductivity at low temperatures (equation 4).2%2? There-
fore, it is possible that this can be a possible conduction
mechanism, since magnetic properties of heat treated sam-
ples showed the presence of randomly distributed intrinsically
magnetic nanographitic domains of variable strength giving
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rise to a spin-glass type disordered magnetic state. > However,
the low-temperature magnetization data showed a decrease in
the magnetization at 6 Tesla while moving from HT600 to
HT1000. This indicates that, with heat treatment, as the clus-
ter size increases, the magnetization decreases due to the re-
duction in the number of graphitic clusters as two or more
clusters tend to coalesce forming larger graphitic domains.*
Therefore, for the samples HT900 and HT1000 being con-
siderably graphitic having lower magnetization than that of
HT600, HT700 and HT800, the weak localization must be
arising from the defect induced scattering at nanographitic
edges rather than that arising from the scattering from mag-
netic impurities.

4 Conclusions

The heat-treatment induced structural ordering in disordered
carbon has been shown to change the conduction mechanism
with the extent of graphitization. In samples heat treated at
lower temperatures (< 800 °)C, there is strong localization
due to the smaller graphitic cluster size and their wide spatial
distribution, leading to an exponential increase in the resis-
tivity at low temperatures showing activated hopping mecha-
nism. On the other hand, those samples heat-treated at 900
and 1000 °C showed weak temperature dependance, show-
ing a cross over of the conduction mechanism from 3D Mott
VRH to 2D WL, due to the difference in the defect density
and their spatial distribution. Thus, the extent to which dif-
ferent scattering mechanisms operate depends on the degree
of graphitization. In the graphitic regime, the development
of percolation conduction pathways, involving spatially corre-
lated nanographitic regions, is likely to be responsible for the
2D weak localization. Magnetic impurity mediated scattering
is another possible mechanism for the weak localization in the
the samples heat-treated at 900 and 1000 °C. However, it is
unlikely that the weak temperature dependance of resistivity
of these samples originates from the magnetic impurity scat-
tering because these samples are weakly magnetic when com-
pared to those which followed activated hoping conduction. A
high field magnetoresistance study is essential for ruling out
the role of the magnetic impurity mediated scattering in the
samples heat treated at higher temperatures.
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