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4. Magnetotransport in carbon foils 
fabricated from exfoliated 
graphite 

4.1. Introduction 

Because of their strongly layered structure, graphite and graphite-based materials, such as 
graphite intercalation compounds, offer interesting perspectives to investigate physical 
phenomena related to reduced dimensionality1'2'3,4. The quasi two-dimensional behaviour of 
the charge carriers is reflected in a large ratio of the electrical conductivity along the a and the 
c axis, (7a/(7c, which attains a value of ~104 in single-crystalline graphite2. Upon separating the 
graphite sheets by acceptor-type intercalants, the conductivity anisotropy can be enhanced 
significantly to values as large as ~106 in AsFs stage 1 intercalated graphite5'6. Indeed, 
graphite intercalation compounds can be used to study dimensionality crossover phenomena, 
such as the warping of the cylindrical Fermi surface as disclosed by Shubnikov-deHaas 
oscillations in the magnetotransport data7. Another arresting physical phenomenon that has 
been reported for graphite-based materials is two-dimensional weak electron localisation2'3'8. 

Weak localisation originates from the quantum mechanical interference between 
elastically scattered carrier waves. Inelastic scattering processes destroy the phase coherence 
between the carrier waves and therefore weak localisation predominantly takes place at low 
temperatures. An applied magnetic field also destroys the phase coherence between the carrier 
waves. The two main experimentally accessible features of weak electron localisation are a 
logarithmic temperature dependence of the electrical resistivity and a negative 
magnetoresistance in low magnetic fields. Weak electron localisation leads to quantum 
corrections to the classical Boltzmann expression for the electrical conductance. These 
quantum corrections are larger when the dimensionality of the system is lower and become 
more and more important when the amount of disorder increases. A most relevant study in 



Chapter 4 

this respect was performed by Bayot et al.\ who investigated the magnetotransport properties 
of partially graphitic carbons. The observed negative magnetoresistance and the low-
temperature behaviour of the resistivity of a series of pyrocarbon samples8, subjected to 
different heat treatments, could be well accounted for by the theory of two-dimensional weak 
electron localisation. 

In this chapter, the results of a low-temperature study of the magnetotransport 
properties, i.e. the magnetoresistance and Hall effect, of carbon foils fabricated from 
exfoliated graphite will be presented. Pregraphitic materials, like exfoliated graphite, exhibit a 
random stacking of the graphene layers (turbostratic structure), in contrast to graphite crystals 

in which the stacking is regular (predominantly ABAB ) (see Ref.2). The amount of 
disorder in the stacking sequence is expected to play an important role in the weak localisation 
process. The experiments were carried out on samples subjected to different heat treatments 
and with different structural parameters. The magnetotransport data were analysed with help 
of the theory of anomalous magnetoconductance beyond the diffusion limit, as formulated by 
Wittmann and Schmid10. 

4.2. Experimental 

4.2.1. Sample preparation 

As starting material for the preparation of the exfoliated graphite foils we used highly oriented 
pyrolitic graphite (HOPG) annealed at a temperature T> 3300 K. The angle of misorientation 
with respect to the c axis was less than 1°. First, a stage 1 H2S04 graphite intercalation 
compound (GIC) was prepared by the liquid phase method with K2Cr207 as oxidiser11. The 
intercalation process of graphite with H2S04 was controlled in situ by X-ray diffraction and 
resistivity measurements. By intercalation, the inter-graphite layer spacing increased from 
3.35 A till 7.98 A. After hydrolisation and drying the sample was exfoliated at 900 °C. The 
exfoliation process leads to a rapid blow-up of the interlayer spacing. The intercalate 
evaporates and the volume of the sample increases a factor 200-300. Foils with different 
densities were fabricated by rolling the exfoliated graphite. By rolling, the layers collapse in a 
way that the stacking becomes disordered. The final thickness of the foils amounted to 
0.5 mm. Part of the foils were heat treated at temperatures (HTT=Heat Treatment 
Temperature) of 2100 °C, 2400 °C and 2800 °C. The different densities allow for a study of 
the effect of intergrain scattering. For a complete description of the sample fabrication process 
we refer to Ref. 12. The samples were prepared by Dr. S.G. Ionov at the Moscow State 
University. 
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Sample D (g/cm3) HTT(°C) do (A) Pt a 

N4 0.70 - 3.365 0.28 IT 

0.70 2100 3.364 0.26 -

0.70 2400 3.361 0.20 -

0.70 2800 3.361 0.20 -

N6 0.85 - 3.367 0.30 6.6° 

0.85 2100 3.365 0.28 -

0.85 2400 3.362 0.21 -

0.85 2800 3.360 0.19 7.0° 

Table I Structural parameters of exfoliated graphite foils N4 and 

N6 prepared with different densities D and annealed at different 

temperatures. HTT is the heat treatment temperature, d0 is the 

interlayer spacing, p, is the turbostratic probability parameter, defined 

in the text, and a is the mosaic spread. The parameters d0 and a have 

been determined by X-ray experiments. 

4.2.2. Measuring techniques 

For the magnetotransport experiments specimens with typical dimensions of 3x10x0.5 mm3 

were cut from the foils. The magnetotransport measurements were carried out using a 
conventional four point low-frequency ac-technique with a typical excitation current of 
300 U.A. The current was directed along the longest direction of the sample. Voltage and 
current leads were connected to the samples using silver paint. The samples were attached to 
the cold-plate of a He system, employing a charcoal adsorption pump to reach the base 
temperature (300 mK). As thermometer served a RuC>2 thick film chip resistor. Magnetic 
fields up to 8 T, provided by a superconducting solenoid, were directed perpendicular to the 
surface of the foils (predominantly S|[c). The magnetoresistance of the thermometer is small 
and could be neglected. 
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4.3. Results 

4.3.1. Structural parameters 

Two series of rolled samples were studied with densities of 0.70 and 0.85 g/cm3, labelled N4 
and N6, respectively. The structural parameters of the investigated exfoliated graphite foils are 
reported in Table I. The carbon foils consist of grains with sizes of the order of several 
hundred Angstrom. As the grains are not perfectly aligned with the c axis perpendicular to the 
surface of the foils, the foils show mosaicity. The mosaic spread (a) due to angular variation 
of the c axis with respect to the surface of the foils has been determined for samples N4 and 
N6 by X-ray diffraction. Values for «amount to 7° (see Table I). No significant variation of a 

upon rolling to the different densities has been observed. 

For each series of foils heat treatments were given at temperatures of 2100° C, 
2400° C and 2800 °C. Annealing decreases the amount of disorder in the stacking sequence8. 
The influence of stacking faults can be investigated as function of the heat treatment 
temperature. The interlayer spacing (d0), determined by X-ray diffraction, shows a weak 
dependence on the heat treatment temperature (see Table I). For single-crystalline graphite 
da- 3.354 Â, while for a fully turbostratic structure d0= 3.440 Â (Ref.8). The measured values 
are close to that of graphite, which shows that only a fraction of the layers are turbostratic. 
Apparently, preparation of the exfoliated graphite foils as described in the previous section, 
has only a small effect on the periodicity along the c axis. The probability of finding two 
neighbouring graphite layers of a partially turbostratic sample in a randomly stacked 
configuration is given by13 

p r =7ll.63rf0-39 (4.1) 

where d0 is given in Angstrom. The values for;?, are listed in Table I. Forpi=0, the sample is a 
perfect three-dimensional single crystal, while for p,=l the crystal is fully turbostratic. We did 
not observe a clear transition from turbostratic to graphitic in this range of HTT's, as was, for 
instance, reported for pyrolitic graphite in the range 2100-2400 °C (Ref.8). 

In section 4.4 we will analyse the magnetotransport data in terms of the theory of weak 
localisation in two dimensions. For this analysis it is important to know the amount of 
graphene layers in the foils in order to transform the 3D carrier density, derived by the Hall 
effect measurements, into a 2D carrier density. The amount of layers A is calculated by 

, M 
A = - (4.2) 

d 0 
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Figure 4.1: Hall resistance as function of the magnetic field for sample N6 (HTT= 0) at T= 4.2 K. 

Because the conduction at low temperatures is by electrons as well as holes, the Hall resistance is 

non-linear and changes sign. 

where d is the thickness of the sample and A = DI2.265. D is the density in g/cm3 and A is a 

factor, which describes the inhomogeneity of the sample. This inhomogeneity is caused by the 

free space between the layers, when the sample is not a closed stack. The numerical value of 

2.265 g/cm in the expression for A is the density of single-crystalline graphite2. 

4.3.2. Hall effect 

The Hall effect has been measured for samples N4 and N6 with no heat treatment (HTT= 0) 
and a HTT of 2800 °C. Data have been taken at 0.4 K and 4.2 K in fields up to 8 T. The Hall 
resistance (RHOIÙ

 w a s found to be independent of temperature in the range 0.4-4.2 K. An 
exemplary curve, measured for sample N6 (HTT= 0) at T- 4.2 K, is shown in figure 4.1. The 
Hall resistance shows strong deviations from the standard linear behaviour, and at low 
magnetic fields RHaii changes sign. Similar non-linear curves were obtained for sample N4 
(HTT= 0), but RHOII did not change sign (see figure 4.2). We infer that, at low temperatures, 
electrons as well as holes carry the current in our exfoliated graphite foils1 . 
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Figure 4.2: Hall resistance as function of the magnetic field for sample N4 (HTT= 0) at T= 4.2 K. 

4.3.3. Resistivity and magnetoresistance 

In figure 4.3, the temperature dependence of the normalised resistance between 4.2 K and 

290 K is shown for samples N4 and N6 with HTT= 0 and 2800 °C. For both sets of samples, 

the resistance increases with decreasing temperature. In figure 4.4, the low-temperature 

(T< 10 K) normalised resistance is presented. Only for T< 2 K, the resistance shows a 

logarithmic temperature dependence. In Table II, we have listed the resistivities p(4.2 K) and 

/9(300 K) for the various samples. 

The magnetoresistance up to 8 T at T= 4.2 K of sample N6, heat treated at 2800 °C, is 
shown in figure 4.5. At small fields (B< 1 T), the magnetoresistance varies quadratically with 
field and is attributed to the normal Lorentz term. At higher fields the magnetoresistance 
varies approximately linearly with field. In figures 4.6-4.9 the magnetoresistance data for 
5<0.5T of samples N6 and N4 with HTT= 0 and 2800 °C, are presented. At low 
temperatures and low magnetic fields the magnetoresistance is negative. Above a certain 
temperature, only the positive component to the magnetoresistance is present. The difference 
between the magnetoresistance of samples N4 and N6 is small, especially for the heat treated 
samples. 
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Sample HTT 

(°C) 
P4.2K 

(m Q cm) 

P290K 

(m Q. cm) 

N4 - 1.6 0.95 

2800 2.3 1.1 

N6 - 1.9 1.2 

2800 1.8 0.87 

Table II: Resistivity values at T=4.2K and T=290K for 

exfoliated graphite foils N4 and N6 with HTT=0 and 

HTT=2800°C. 
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Figure 4.3: Resistance, normalised at T=290K, versus lnrfor samples N4 and N6 

with HTT=0 and 2800°C as indicated. 
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4.4. Analysis 

4.4.1. Hall effect 

The Hall resistance data, presented in figures 4.1-4.2, show strong deviations from the 
standard linear behaviour. This strongly suggests that the charge carriers in exfoliated graphite 
are electrons and holes. We fitted RuaiiiB) to the well-known formula derived for a two band 
system. Under the conditions that the electronic system has spherical constant energy surfaces 
and the elastic relaxation time is constant, one can show:15 

/?, 
(p - nm2) + m2mh B'(p-n) 

(p + nm)'+m mh'B (p — n)~ 
(4.3) 

Here m= fiJUh, jue and fi/, are the mobility of electrons and holes respectively, n and p are the 

concentrations of electrons and holes, respectively, and B is the magnetic field. Values for m, 

JUI, , n and p are derived from the Hall measurements by least square fits to equation 4.3. The 

derived fit parameters yield the total 3D carrier densities and mobilities, and are listed in 

Table m. 
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Figure 4.4: Resistance, normalised at T=290K, versus lnT for samples N4 and N6 with 

HTT=0 and 2800°C as indicated. For T<2K a logarithmic temperature variation is 

observed. 
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Sample HTT n 

(cm'3) 

P 

(cm"3) 

ntotal 

(cm"2) 

À 

N4 - 2.8-1018 5.1-1018 1.6-1013 0.31 

2800°C 7.0-1017 1.8-1018 4.9-1012 0.30 

N6 - 6.8-1017 1.2-1018 - 0.37 

2800°C 2.3-1018 3.2-1018 1.3-1013 0.37 

Table III: Carrier densities of exfoliated graphite samples N4 and 

N6 as determined from fits of the Hall resistance to equation 4.3. 

HTT is the heat treatment temperature, n is the electron density, p 

is the hole density, nmai is the two dimensional density of electrons 

and holes, and Â is an inhomogeneity factor defined in the text. 

4.4.2. Resistivity and magnetoresistance 

4.4.2.1. Theory 

Under the same conditions as the Hall resistance, the Lorentz term in the transverse 
magnetoresistance is given by: 

-ACT _ Ap _ npm(l + m)2/x2
h 2 

crn Po («m + p) 
(4.4) 

Here öh and po are the conductivity and resistivity, respectively, at B= 0. This quadratic 

dependence is only valid for small values of the magnetic field (B< 1 T). For B> 1 T the 

dependence becomes quasi-linear (see figure 4.5). At low fields and low temperatures 

(7*< 4.2 K), in addition to the 52-term, a pronounced negative magnetoresistance component is 

observed. 

The logarithmic increase of the resistance with decreasing temperature (see figure 4.4) 

and the negative magnetoresistance (see figures 4.6-4.8) are attributed to quantum corrections 

to the conductivity for the two dimensional case1 . An analysis within such a framework 

yields the possibility to determine characteristic parameters of the electron wave function, like 

the wave function phase relaxation time T . 
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Figure 4.5: Magnetoresistance, normalised at 5=0, versus magnetic field for sample N6 (HTT=0) 
at temperatures between 0.4 and 12K as indicated. 

The phase relaxation time depends on the strength of the electron-electron and electron-
phonon interactions. The temperature dependence of the conductivity of two dimensional 
disordered systems in zero magnetic field due to quantum corrections is given within the 
theory of Al'tshuler et al.16 by: 

crtJO-o-trjoc—In 
TÛl 

(4.5) 

The logarithmic temperature variation of <rdue to weak localisation allows one to determine 

However, in addition to the weak localisation effect, a similar logarithmic contribution 
is expected if the mutual Coulomb interaction of the electrons is taken into account1617. The 
effect of the electron-electron interaction and the weak localisation can be distinguished by 
magnetotransport experiments in a perpendicular magnetic field. The weak localisation effect 
is strongly suppressed by a magnetic field, which results in a negative magnetoresistance, 
while the electron-electron effect is hardly influenced. Therefore, data of the resistance in 
constant magnetic field could in principle be used to determine the effects of weak 
localisation and electron-electron interactions. However, in our case the dominating 
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background resistance and its field dependence cannot be estimated accurately, which 
hampers an adequate analysis using equation 4.5. 

Another route to determine T(T) is by directly measuring the negative 
magnetoresistance. Detailed theories for weak electron localisation have been worked out by 
Al'tshuler et al}6, Hikami et a/.18 and Wittmann and Schmid10. In the theories of AFtshuler et 

al. and Hikami et al. it is assumed that the diffusion limit is valid. The diffusion limit is 
expressed by the following relations: 

(l'ß\ 
-«1 and b = «1 (4.6) 

Here To is the elastic relaxation time and rv is the wave function phase relaxation time, 

defined by inelastic scattering events. The effective mean free path loff is described by 

if =l/(l + y) = J2Ef Im* r0/(l + y), where Ef= h2n/47on . Here m*(= 0.06 me) is the 

effective mass2, n is the 2D carrier density and h = V(h/4neB) is the magnetic length. 

We first fitted the negative magnetoresistance (figures 4.6-4.9) to the theory of 

Al'tshuler et al.. However, we could not obtain satisfactory fit results in the relevant field 
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Figure 4.6: Magnetoresistance, normalised at B=0, versus magnetic field for sample N4 (HTT=0) 

at temperatures between 0.4 and 12K as indicated. The various symbols represent the data points. 

The solid lines represent the best fit to equation 4.8. 
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range, which suggested that the diffusion limit is not valid. Indeed, for instance, for sample 
N4 (HTT=0) we obtain b= 105, thus in our exfoliated graphite foils the limit b« 1 is only valid 
for very small magnetic fields. 

We then analysed the data within the model of Wittmann and Schmid10, which is also 
valid beyond the diffusion limit. According to Wittmann and Schmid, the quantum correction 
to the conductivity in a magnetic field is given by: 

Acr(5) : * » 
«ft (l + yy^0l + y-Yn(b) (4.7) 

where 

Anel2B 

~ (\ + y)2h 

and Vn are the Laguerre polynomials: 

V„(b) = ]e-^,4)L„(bÇ2/2)dÇ 

0.225 

0.175 -

E 
o 
a 

0.125 -

0.075 •—' 

B(T) 

Figure 4.7: Resistivity as function of magnetic field for sample N6 (HTT=2800°C) at 7"=4.2K. At 

small magnetic fields there is a quadratic dependence on field, which becomes linear at fields 

above IT. 
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B(T) 

Figure 4.8: Magnetoresistance, normalised at B=0, versus magnetic field for sample N6 

(HTT=2800°C) at temperatures between 0.4 and 4.2K as indicated. The various symbols represent 

the data points. The solid lines represent the best fit to equation 4.8 

with 

LAy) = i-tl-yY 
=oW! 

4.4.2.2. Analysis 

For the analysis of the magnetotransport data of the exfoliated graphite foils, we make the 
assumption that the measured magnetoresistance can be expressed as the sum of two terms: 

R(0) 
exp 

2 A<T(S) 
= -p — + 

t cr(0) 
fAR(B)^ 

R(0) 
(4.8) 

Lorentz 

The contribution from the weak localisation, Ao(B), is given by equation 4.7 and 

(t±R(B)IR(0j)u>nntz is given by equation 4.4. Equation 4.8 is only valid when the magnetic field 

is directed perpendicular to the 2D structure (S||c), which is formed in exfoliated graphite by 

the graphene layers. The relatively small mosaicity of the grains (a= 7°) could be neglected. 
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Figure 4.9: Magnetoresistance, normalised at ß=0, versus magnetic field for sample N4 

(HTT=2800°C) at temperatures between 0.4 and 4.2K as indicated. The various symbols represent 

the data points. The solid lines represent the best fit to equation 4.8. 

The random stacking probability parameter p, plays an important role in the quantitative 
analysis of the weak localisation process. For pure homogeneous graphite structures a 
negative contribution to the magnetoresistance is absent, while in inhomogeneous graphite 
structures a negative Aa(5) occurs quite general.2 The most common inhomogeneity or 
structural defect in the graphite lattice is the breaking of the ABAB periodicity along the c 
axis, i.e. turbostratic layers are formed (e.g. ABCAB....). The probability that a layer is 
turbostratic is given by/?,2. The charge carriers are scattered elastically at these lattice defects. 
Following Bayot et a/.8 we presume that the stacking disorder is the main cause for the weak 
localisation. Since, only turbostratic layers are responsible for the negative magnetoresistance, 
Ao(B) is multiplied by p,2. Values forp, are listed in Table I. 
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Sample HTT 7(K) ß (m2/Vs) r0(s) %(.*) 

N4 - 0.4 0.087 2.95-10"'" 8.6-1013 

0.8 0.085 2 .8910 ' " 7.0-10"'3 

1.2 0.085 2.88-10"14 6.0-1013 

2.4 0.084 2.87-10"'4 4.5-10"'3 

4.2 0.084 2.85-10"'" 3.4-10"'3 

N4 2800°C 0.4 0.29 9.910"'" 1.7-10"'2 

0.8 0.29 9.8-10"'" 1.2-10"'2 

1.2 0.29 9.8-10"'" 1.1-10"'2 

2.4 0.28 9.7-10"'" 6.9-10"'3 

4.2 0.28 9.6-10"'" 4.2-10"'3 

N6 2800°C 0.4 0.21 7.1-10"'" 6.5-10"12 

1.2 0.20 6.9-10"'" 1.1-10"12 

2.4 0.20 6.9-10"'" 4.8-10"13 

4.2 0.20 6.8-10"'" 1.810 12 

Tabel IV: Relaxation times and mobilities of exfoliated foils N4 and N6 at 

temperatures T as indicated. The relaxation times are determined by fitting 

the magnetoresistance data to equation 4.8. HTT is the heat treatment 

temperature, ß is the mobility, T0 is the elastic relaxation time, and tf is the 

phase relaxation time. 

In order to fit the magnetoresistance data (figures 4.6-4.9) to equation 4.8, we made 

use of the following procedure. First, the 3D electron (ne) and hole («,,) densities, obtained by 

fitting the Hall data (figures 4.1-4.2), were transformed to an average 2D densities with help 

of equation 4.2. Next the values for the electron (ße) and hole (///,) mobilities, obtained by 

fitting the Hall data, were averaged and transformed into an effective elastic scattering 

relaxation time % Finally, the magnetoresistance data were fitted to equation 4.8. Since for all 

samples Ruaii was determined at T- 4.2 K, r0 was used as a known variable at this 

temperature. At lower temperatures r0 was used as a fit parameter. The temperature variation 

T0(T) is small, which is consistent with RHaii being temperature independent in this 

temperature range. Fitting was done using the least square method. An advantage of using the 

theory of weak localisation of Wittmann and Schmid in equation.4.8, is that, once reliable 
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co 
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Figure 4.10: Temperature dependence of the wave-function phase relaxation time x as determined 

for sample N4 (HTT=0) using equation 4.8 (data listed in Table IV). The data points are the result 

from the fits and the line is a fit according to equation 4.9. 

values for r0 are known, the only important fit parameter is t9. In figures 4.7-4.9, we compare 

the experimental magnetoresistance for samples N4 and N6 with AR(B)/R(0) conform 

equation 4.8 (solid lines), using the best fit parameters r0 and TV. The agreement is good. The 

resulting values for r0 and xv are listed in Table IV. 

In general, the temperature dependence of the phase relaxation time, x (7), is given by a 

power law with exponent q: 

X =cT 
<P 

(4.9) 

In the case of dominant electron-electron scattering in weakly disordered metals, it was found 

that q= d/2 (Ref. 16), where d is the dimensionality. For the 2D case, q= 1. In figure 4.10 we 

show the typical variation of xv with temperature as obtained for sample N4 (HTT=0). Clearly, 

xJJ) does not obey the predicted power law (equation 4.9). If we suppose that (r)" '= (T*)~ 

+(x,„)" , where rin is a temperature independent inelastic scattering time in the investigated 

temperature range, then r* obeys a power law with exponent q~l. 
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4.5. Discussion 

The afore-mentioned theories for weak localisation are all derived for one type of carrier. In 
the case of the exfoliated graphite foils, electrons as well as holes carry the current. The 
derived parameters should thus be considered as an effective weighed average over the two 
type of carriers. Rainer and Bergmann19 showed that the theory of weak localisation is 
universal in the sense that multi-band effects do not effect the weak localisation. In this 
respect, we may consider the magnetotransport properties of our graphite structures as arising 
from a multi-band system. 

After annealing at high-temperatures, the negative contribution to the 
magnetoresistance becomes weaker (compare figure 4.6 with figure 4.8 and figure 4.7 with 
figure 4.9). This effect is due to a decrease in disorder by annealing. As pt decreases 
significantly by annealing (see Table I), the weak localisation can be connected to the amount 
of turbostratic layers p, . The negative magnetoresistance contribution does not change 
significantly with the density (at least for the density range we investigated), which indicates 
that intergrain scattering processes do not play an essential role. The phase relaxation time is 
of the same order for samples N4 and N6. Also the method of preparation of the foils (rolling 
or pressing12) has a minor influence. 

Like Bayot et a/.8, we conclude that a random stacking of graphene layers (turbostratic 
structure) is the main cause for the occurrence of the weak localisation phenomenon. As p, is 
relatively small for our exfoliated graphite samples, the quantum correction to the 
conductivity is small when compared to the effects observed by Bayot et al. in partially 
graphitic carbon. Also, for T > 4.2 K the negative magnetoresistance has vanished, in 
contrast with the magnetoresistance data of Bayot et al.. Of course, one cannot exclude that 
besides the stacking disorder, other structural defects, like vacancies or impurity atoms, 
contribute to the disorder and hence to the weak localisation. It is however beyond the scope 
of this work to quantify all structural defects. 

4.6. Conclusions 

The magnetotransport properties of a series of exfoliated graphite foils have been studied at 
low temperatures (T > 0.4 K) and in magnetic fields up to 8 T. All foils show the main 
features of weak localisation: a logarithmic dependence of the resistance on temperature 
(T < 2.5 K) and a negative magnetoresistance in low magnetic fields (B < 0.5 T). The negative 
magnetoresistance can be explained by the theory of quantum corrections to the conductivity 
for the 2D case. The data were analysed within the model of Wittmann and Schmid for weak 
localisation beyond the diffusion limit. The analysis of the magnetoresistance yields the phase 
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relaxation time of the carrier wave. The weak localisation is attributed to disorder in the 
stacking sequence of the graphene layers. 

The effect of structural differences in the foils on the negative magnetoresistance was 
investigated by varying the density and the temperature at which the samples were heat 
treated. The negative magnetoresistance did not change significantly with the density, 
indicating that intergrain scattering processes play a minor role. X-ray analysis of the 
exfoliated graphite samples, revealed that the number of turbostratic layers is small, and, 
therefore, the quantum correction to the conductivity is small. The structural disorder induced 
by the turbostratic layers is the most likely cause of the weak localisation. This is established 
by annealing the exfoliated graphite foils at 7= 2800 °C. The negative magnetoresistance 
becomes significantly smaller, while the disorder in the stacking sequence decreases. 
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