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Magnetotransport in carbon foils fabricated from exfoliated graphite

R. T. F. van Schaijk* and A. de Visser
Van der Waals-Zeeman Institute, University of Amsterdam, Valckenierstraat 65, 1018 XE Amsterdam, The Netherlands

S. G. Ionov, V. A. Kulbachinskii, and V. G. Kytin
Low Temperature Physics Department, Moscow State University, 119899 Moscow, Russia

~Received 29 April 1997; revised manuscript received 3 October 1997!

The magnetotransport properties of a series of low-density carbon foils, fabricated from exfoliated graphite,
prepared with different densities and subjected to different heat treatments, have been investigated. The Hall
resistance and the magnetoresistance were measured at low temperatures (T.0.4 K) in magnetic fields up to
B58 T. The transport properties showed the main features of weak localization, i.e., a logarithmic temperature
variation of the resistivity and a negative magnetoresistance forB,0.5 T at low temperatures. The negative
contribution to the magnetoresistance has been analyzed within the model of Wittmann and Schmid for weak
localization beyond the diffusion limit. The analysis yields the phase relaxation timetw of the carrier wave
function. The structural analysis of the carbon foils shows that the weak localization must be attributed to the
disorder in the stacking sequence of the graphene planes.@S0163-1829~98!08515-4#
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I. INTRODUCTION

Because of their strongly layered structure, graphite
graphite-based materials, such as graphite intercalation c
pounds, offer interesting perspectives to investigate phys
phenomena related to reduced dimensionality.1–4 The quasi-
two-dimensional behavior of the charge carriers is reflec
in a large ratio of the electrical conductivity along thea and
the c axis,sa /sc , which attains a value of;104 in single-
crystalline graphite.2 Upon separating the graphene sheets
acceptor-type intercalants, the conductivity anisotropy can
enhanced significantly to values as large as;106 in AsF5
stage-1 intercalated graphite.5 Indeed, graphite intercalatio
compounds can be used to study dimensionality cross
phenomena, such as the warping of the cylindrical Fe
surface as disclosed by Shubnikov–de Haas oscillation
the magnetotransport data.6 Another arresting physical phe
nomenon that has been reported for graphite-based mate
is two-dimensional weak electron localization.2,3,7

Weak localization8 originates from the quantum
mechanical interference between elastically scattered ca
waves. Inelastic-scattering processes destroy the phase
herence between the carrier waves and therefore weak lo
ization predominantly takes place at low temperatures.
applied magnetic field also destroys the phase coherence
tween the carrier waves. The two main experimentally acc
sible features of weak electron localization are a logarithm
temperature dependence of the electrical resistivity an
negative magnetoresistance in low magnetic fields. W
electron localization leads to quantum corrections to the c
sical Boltzmann expression for the electrical conductan
These quantum corrections are larger when the dimensio
ity of the system is lower and become more and more
portant when the amount of disorder increases. A most
evant study in this respect was performed by Bayotet al.,7

who investigated the magnetotransport properties of parti
graphitic carbons. The observed negative magnetoresist
and the low-temperature behavior of the resistivity of a se
570163-1829/98/57~15!/8900~7!/$15.00
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of pyrocarbon samples,7 subjected to different heat trea
ments, could be well accounted for by the theory of tw
dimensional~2D! weak electron localization.

In this paper, we report the results of a low-temperat
study of the magnetotransport properties, i.e., the magnet
sistance and Hall effect of carbon foils fabricated from e
foliated graphite. Pregraphitic materials, like exfoliat
graphite, exhibit a random stacking of the graphene lay
~turbostratic structure!, in contrast to graphite crystals i
which the stacking is regular~predominantlyABAB...! ~see
Ref. 2!. The amount of disorder in the stacking sequence
expected to play an important role in the weak-localizat
process. The experiments were carried out on samples
jected to different heat treatments and with different str
tural parameters. The magnetotransport data were anal
with help of the theory of anomalous magnetoconducta
beyond the diffusion limit, as formulated by Wittmann an
Schmid.9

II. EXPERIMENTAL

A. Sample preparation

As starting material for the preparation of the exfoliat
graphite foils we used highly oriented pyrolitic graphite a
nealed at a temperatureT.3300 K. The angle of misorien
tation with respect to thec axis was less than 1°. First,
stage-1 H2SO4 graphite intercalation compound was pr
pared by the liquid phase method with K2Cr2O7 as the
oxidizer.10 The intercalation process of graphite with H2SO4
was controlledin situ by x-ray-diffraction and resistivity
measurements. By intercalation, the intergraphite layer sp
ing increased from 3.35 until 7.98 Å. After hydrolization an
drying the sample was exfoliated at 900 °C. The exfoliati
process leads to a rapid blowup of the interlayer spacing.
intercalate evaporates and the volume of the sample
creases a factor of 200–300. Foils with different densit
were fabricated by rolling the exfoliated graphite. By rollin
the layers collapse in a way that the stacking becomes di
8900 © 1998 The American Physical Society
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57 8901MAGNETOTRANSPORT IN CARBON FOILS FABRICATED . . .
dered. The final thickness of the foils amounted to 0.5 m
Part of the foils were heat treated at temperatures@heat treat-
ment temperature~HTT!# of 2100, 2400, and 2800 °C. Th
different densities allow for a study of the effect of intergra
scattering. For a complete description of the sample fabr
tion process we refer to Ref. 11.

B. Measuring techniques

For the magnetotransport experiments specimens
typical dimensions of 331030.5 mm3 were cut from the
foils. The magnetotransport measurements were carried
using a conventional four-point low-frequency ac techniq
with a typical excitation current of 300mA. The current was
directed along the longest direction of the sample. Volta
and current leads were connected to the samples using s
paint. The samples were attached to the cold-plate of a3He
system, employing a charcoal adsorption pump to reach
base temperature~300 mK!. As thermometer served a RuO2
thick-film chip resistor. Magnetic fields up to 8 T, provide
by a superconducting solenoid, were directed perpendic
to the surface of the foils~predominantlyBic!. The magne-
toresistance of the thermometer is small and could be
glected.

III. RESULTS

A. Structural parameters

Two series of rolled samples were studied with densi
of 0.70 and 0.85 g/cm2, labeledN4 and N6, respectively.
The structural parameters of the investigated exfolia
graphite foils are reported in Table I. The carbon foils cons
of grains with sizes of the order of several hundred A˚ ng-
strom. As the grains are not perfectly aligned with thec axis
perpendicular to the surface of the foils, the foils show m
saicity. The mosaic spread~a! due to angular variation of the
c axis with respect to the surface of the foils has been de
mined for samplesN4 andN6 by x-ray diffraction. Values
for a amount to 7°~see Table I!. No significant variation of
a upon rolling to the different densities has been observ

For each series of foils heat treatments were given at t
peratures of 2100, 2400, and 2800 °C. Annealing decre
the amount of disorder in the stacking sequence.7 The influ-

TABLE I. Structural parameters of exfoliated graphite foilsN4
andN6 prepared with different densitiesD and annealed at differ
ent temperatures. HTT is the heat-treatment temperature,d0 is the
interlayer spacing,pt is the turbostratic probability parameter, d
fined in the text, anda is the mosaic spread. The parametersd0 and
a have been determined by x-ray experiments.

Sample D (g/cm3) HTT ~°C! d0 ~Å! pt a

N4 0.70 3.365 0.28 7.7°
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°
.
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ence of stacking faults can be investigated as function of
heat treatment temperature. The interlayer spacing (d0), de-
termined by x-ray diffraction, shows a weak dependence
the heat-treatment temperature~see Table I!. For single-
crystalline graphited053.354 Å, while for a fully turbos-
tratic structured053.440 Å ~Ref. 7!. The measured value
are close to that of graphite, which shows that only a fract
of the layers are turbostratic. Apparently, preparation of
exfoliated graphite foils as described in the previous sect
has only a small effect on the periodicity along thec axis.
The probability of finding two neighboring graphene laye
of a partially turbostratic sample in a randomly stacked c
figuration is given by12

pt5A11.63d0239, ~1!

whered0 is given in Ångstrom. The values forpt are listed
in Table I. For pt50, the sample is a perfect three
dimensional single crystal, while forpt51 the crystal is
fully turbostratic. We did not observe a clear transition fro

FIG. 1. Hall resistance as function of the magnetic field
sampleN6 (HTT50) at T54.2 K. Because the conduction at lo
temperatures is by electrons as well as holes, the Hall resistan
nonlinear and changes sign.

FIG. 2. Hall resistance as function of the magnetic field
sampleN4 (HTT50) at T54.2 K.
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8902 57R. T. F. van SCHAIJKet al.
turbostratic to graphitic in this range of HTT’s, as was, f
instance, reported for pyrolitic graphite in the range 210
2400 °C~Ref. 7!.

In Sec. IV we will analyze the magnetotransport data
terms of the theory of weak localization in two dimension
For this analysis it is important to know the amount
graphene layers in the foils in order to transform the
carrier density, derived by the Hall-effect measurements,
a 2D carrier density. The amount of layersA is calculated by

A5
ld

d0
, ~2!

whered is the thickness of the sample andl5D/2.265.D is
the density in g/cm3 and l is a factor which describes th
inhomogeneity of the sample. This inhomogeneity is cau
by the free space between the layers, when the sample i
a closed stack. The numerical value of 2.265 g/cm3 in the
expression forl is the density of single-crystalline graphite2

B. Hall effect

The Hall effect has been measured for samplesN4 and
N6 with no heat treatment (HTT50) and a HTT of 2800 °C.

FIG. 3. Resistance, normalized atT5290 K, versus lnT for
samplesN4 andN6 with HTT50 and 2800 °C as indicated.

FIG. 4. Resistance, normalized atT50.3 K, versus lnT for
samplesN4 andN6 with HTT50 and 2800 °C as indicated. Fo
T,2 K a logarithmic temperature variation is observed.
–

.

to

d
not

Data have been taken at 0.4 and 4.2 K in fields up to 8
The Hall resistance (RHall) was found to be independent o
temperature in the range 0.4–4.2 K. An exemplary cur
measured for sampleN6 (HTT50) atT54.2 K, is shown in
Fig. 1. The Hall resistance shows strong deviations from
standard linear behavior, and at low magnetic fieldsRHall
changes sign. Similar nonlinear curves were obtained
sampleN4 (HTT50), but RHall did not change sign~see
Fig. 2!. We infer that, at low temperatures, the current in o
exfoliated graphite foils is carried by electrons as well
holes.13

C. Resistivity and magnetoresistance

In Fig. 3, the temperature dependence of the normali
resistance between 4.2 and 290 K is shown for samplesN4
andN6 with HTT50 and 2800 °C. For both sets of sample
the resistance increases with decreasing temperature. In
4, the low-temperature (T,10 K) normalized resistance i
presented. Only forT,2 K, the resistance shows a logarith
mic temperature dependence. In Table II, we have listed
resistivitiesr~4.2 K! andr~300 K! for the various samples.

The magnetoresistance up to 8 T at T54.2 K of sample
N6, heat treated at 2800 °C, is shown in Fig. 5. At sm
fields (B,1 T), the magnetoresistance varies quadratica
with field and is attributed to the normal Lorentz term. A
higher fields the magnetoresistance varies approximately

TABLE II. Resistivity values atT54.2 K and T5300 K for
exfoliated graphite foils N4 and N6 with HTT50 and
HTT52800 °C

Sample
HTT
~°C!

r4.2 K

~mV cm!
r290 K

~mV cm!

N4 1.6 0.95
2800 2.3 1.1

N6 1.9 1.2
2800 1.8 0.87

FIG. 5. Resistivity as function of the magnetic field for samp
N6 with HTT52800 °C atT54.2 K. At small magnetic fields there
is a quadratic dependence on field, which becomes linear at fi
above 1 T.
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57 8903MAGNETOTRANSPORT IN CARBON FOILS FABRICATED . . .
early with field. In Figs. 6–9 the magnetoresistance data
B,0.5 T of samplesN6 andN4 with HTT50 and 2800 °C,
are presented. At low temperatures and low magnetic fie
the magnetoresistance is negative. Above a certain temp
ture, only the positive component to the magnetoresistanc
present. The difference between the magnetoresistanc
samplesN4 andN6 is small, especially for the heat-treate
samples.

IV. ANALYSIS

A. Hall effect

The Hall resistance data, presented in Figs. 1 and 2, s
strong deviations from the standard linear behavior. T
strongly suggests that the charge carriers in exfoliated gra
ite are electronsand holes. We fittedRHall(B) to the well-
known formula derived for a two-band system. Under t
conditions that the electronic system has spherical cons
energy surfaces and the elastic relaxation time is cons
one can show14

FIG. 6. Magnetoresistance, normalized atB50, versus mag-
netic field for sampleN6 (HTT50) at temperatures between 0
and 12 K as indicated.

FIG. 7. Magnetoresistance, normalized atB50, versus mag-
netic field for sampleN4 (HTT50) at temperatures between 0
and 12 K as indicated. The various symbols represent the
points. The solid lines represent the best fit to Eq.~8!.
r
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nt,

RHall5
~p2nm2!1m2mh

2B2~p2n!

~p1nm!21m2mh
2B2~p2n!2 S B

eD . ~3!

Here m5me /mh , me and mh are the mobility of electrons
and holes, respectively,n and p are the concentrations o
electrons and holes, respectively, andB is the magnetic field.
Values form, mh , n, andp are derived from the Hall mea
surements by least-squares fits to Eq.~3!. The derived fit
parameters yield the total 3D carrier densities and mobilit
and are listed in Table III.

B. Resistivity and magnetoresistance

1. Theory

Under the same conditions as the Hall resistance, the L
entz term in the transverse magnetoresistance is given b14

2Ds

s0
5

Dr

r0
5

npm~11m!2mh
2

~nm1p!2 B2. ~4!

ta

FIG. 8. Magnetoresistance, normalized atB50, versus mag-
netic field for sampleN6 ~HTT52800 °C! at temperatures betwee
0.4 and 4.2 K as indicated. The various symbols represent the
points. The solid lines represent the best fit to Eq.~8!.

FIG. 9. Magnetoresistance, normalized atB50, versus mag-
netic field for sampleN4 ~HTT52800 °C! at temperatures betwee
0.4 and 4.2 K as indicated. The various symbols represent the
points. The solid lines represent the best fit to Eq.~8!.
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Heres0 andr0 are the conductivity and resistivity, respe
tively, at B50. This quadratic dependence is only valid f
small values of the magnetic field (B,1 T). ForB.1 T the
dependence becomes quasilinear~see Fig. 5!. At low fields
and low temperatures (T<4.2 K), in addition to theB2 term,
a pronounced negative magnetoresistance component is
served.

The logarithmic increase of the resistance with decreas
temperature~see Fig. 4! and the negative magnetoresistan
~see Figs. 6–8! are attributed to quantum corrections to t
conductivity for the two-dimensional case.15 An analysis
within such a framework yields the possibility to determi
characteristic parameters of the electron wave function,
the wave function phase relaxation timetw . The phase re-
laxation time depends on the strength of the electron-elec
and electron-phonon interactions. The temperature de
dence of the conductivity of two-dimensional disordered s
tems in zero magnetic field due to quantum corrections
given within the theory of Al’tshuler and Aranov15 by

s~T2!2s~T1!}
e2

2p2\
lnS T2

T1
D . ~5!

The logarithmic temperature variation ofs due to weak lo-
calization allows one to determinetw(T). However, in addi-
tion to the weak-localization effect, a similar logarithm
contribution is expected if the mutual Coulomb interaction
the electrons is taken into account.15,16 The effect of the
electron-electron interaction and the weak localization can
distinguished by magnetotransport experiments in a perp
dicular magnetic field. The weak-localization effect
strongly suppressed by a magnetic field, which results i
negative magnetoresistance, while the electron-electron
fect is hardly influenced. Therefore, data of the resistanc
constant magnetic field could, in principle, be used to de
mine the effects of weak localization and electron-elect
interactions. However, in our case the dominating ba
ground resistance and its field dependence cannot be
mated accurately, which hampers an adequate analysis u
Eq. ~5!. Another route to determinetw(T) is by directly mea-
suring the negative magnetoresistance. Detailed theorie
weak electron localization have been worked out
Al’tshuler and Aranov,15 Hikami, Larkin, and Nagaoka,17

and Wittmann and Schmid.9 In the theories of Al’tshuler and

TABLE III. Carrier densities of exfoliated graphite samplesN4
and N6 as determined from fits of the Hall resistance to
~3!. HTT is the heat-treatment temperature,n is the electron den-
sity, p is the hole density,ntotal is the two-dimensional density o
electrons and holes, andl is an inhomogeneity factor defined in th
text.

Sample HTT
n

(cm23)
p

(cm23)
ntotal

(cm22) l

N4 2.831018 5.131018 1.631013 0.31
2800 °C 7.031017 1.831018 4.931012 0.30

N6 6.831017 1.231018 0.37
2800 °C 2.331018 3.231018 1.331013 0.37
ob-
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Aranov and Hikami, Larkin, and Nagaoka it is assumed t
the diffusion limit is valid. The diffusion limit is expresse
by the following relations:

g5
t0

tw
!1 and b5S l 0

eff

l B
D 2

!1. ~6!

Here t0 is the elastic relaxation time andtw is the wave-
function phase relaxation time, defined by inelast
scattering events. The effective mean free pathl 0

eff is de-
scribed by l 0

eff5l/~11g!5A(2Ef /m* )t0/~11g!, where
Ef5p\2n/m* . Herem* (50.06me) is the effective mass,2 n
is the 2D carrier density, andl B5A(\/2eB) is the magnetic
length.

We first fitted the negative magnetoresistance~Figs. 6–9!
to the theory of Al’tshuler and Aranov. However, we cou
not obtain satisfactory fit results in the relevant field ran
which suggested that the diffusion limit is not valid. Indee
for instance, for sampleN4 (HTT50) we obtainb510B,
thus in our exfoliated graphite foils the limitb!1 is only
valid for very small magnetic fields. We then analyzed t
data within the model of Wittmann and Schmid,9 which is
also valid beyond the diffusion limit. According to Wittman
and Schmid, the quantum correction to the conductivity i
magnetic field is given by

Ds~B!5
2e2

2p2\

b

~11g!2 (
n50

`
Cn

3~b!

11g2Cn~b!
, ~7!

where

b5
2el2B

~11g!2\

andCn are the Laguerre polynomials:

Cn~b!5E
0

`

e2~z1bz2/4!Ln~bz2/2!dz

with

Ln~y!5 (
m50

n
1

m! S n
mD ~2y!m.

2. Analysis

For the analysis of the magnetotransport data of the
foliated graphite foils, we make the assumption that the m
sured magnetoresistance can be expressed as the sum o
terms:

S DR~B!

R~0! D
exp

52pt
2 Ds~B!

s~0!
1S DR~B!

R~0! D
Lorentz

. ~8!

The contribution from the weak localization,Ds(B), is
given by Eq.~7! and (DR(B)/R(0))Lorentz is given by Eq.
~4!. Equation~8! is only valid when the magnetic field i
directed perpendicular to the 2D structure (Bic), which is
formed in exfoliated graphite by the graphene layers. T
relatively small mosaicity of the grains (a'7°) could be
neglected.

The random stacking probability parameterpt plays an
important role in the quantitative analysis of the wea
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localization process. For pure homogeneous graphite st
tures a negative contribution to the magnetoresistance is
sent, while in inhomogeneous graphite structures a nega
Ds(B) occurs quite general.2 The most common inhomoge
neity or structural defect in the graphite lattice is the bre
ing of the ABAB periodicity along thec axis, i.e., turbos-
tratic layers are formed~e.g., ABCAB...!. The probability
that a layer is turbostratic is given bypt .2 The charge carri-
ers are scattered elastically at these lattice defects. Follow
Bayot et al.7 we presume that the stacking disorder is t
main cause for the weak localization. Since only turbostra
layers are responsible for the negative magnetoresista
Ds(B) is multiplied bypt .2 Values forpt are listed in Table
I.

In order to fit the magnetoresistance data~Figs. 6–9! to
Eq. ~8!, we made use of the following procedure. First, t
3D electron (ne) and hole (nh) densities, obtained by fitting
the Hall data~Figs. 1 and 2!, were transformed to average 2
densities with help of Eq.~2!. Next the values for the elec
tron (me) and hole (mh) mobilities, obtained by fitting the
Hall data, were averaged and transformed into an effec
elastic-scattering relaxation timet0 . Finally, the magnetore
sistance data were fitted to Eq.~8!. Since for all samples
RHall was determined atT54.2 K, t0 was used as a know
variable at this temperature. At lower temperaturest0 was
used as a fit parameter. The temperature variationt0(T) is
small, which is consistent withRHall being temperature inde
pendent in this temperature range. Fitting was done using
least-squares method. An advantage of using the theor
weak localization of Wittmann and Schmid in Eq.~8!, is that
once reliable values fort0 are known, the only important fi
parameter istw . In Figs. 7–9, we compare the experimen
magnetoresistance for samplesN4 and N6 with
DR(B)/R(0), calculated with the help of Eq.~8! ~solid
lines!, using the best-fit parameterst0 and tw . The agree-
ment is good. The resulting values fort0 andtw are listed in
Table IV.

TABLE IV. Relaxation times and mobilities of exfoliate
graphite foilsN4 andN6 at temperaturesT as indicated. The re-
laxation times are determined by fitting the magnetoresistance
to Eq.~8!. HTT is the heat-treatment temperature,m is the mobility,
t0 is the elastic relaxation time, andtf is the phase relaxation time

Sample HTT T ~K! m (m2/Vs) t0 ~s! tf ~s!

N4 0.4 0.087 2.95310214 8.6310213

0.8 0.085 2.89310214 7.0310213

1.2 0.085 2.88310214 6.0310213

2.4 0.084 2.87310214 4.5310213

4.2 0.084 2.85310214 3.4310213

N4 2800 °C 0.4 0.29 9.9310214 1.7310212

0.8 0.29 9.8310214 1.2310212

1.2 0.29 9.8310214 1.1310212

2.4 0.28 9.7310214 6.9310213

4.2 0.28 9.6310214 4.2310213

N6 2800 °C 0.4 0.21 7.1310214 6.5310212

1.2 0.20 6.9310214 1.1310212

2.4 0.20 6.9310214 4.8310213

4.2 0.20 6.8310214 1.8310212
c-
b-
ve

-

ng

ic
ce,

e

he
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In general, the temperature dependence of the phase
laxation timetw(T) is given by a power law with exponen
q:15

tw5cT2q. ~9!

In the case of dominant electron-electron scattering
weakly disordered metals, it was found thatq5d/2 ~Ref.
15!, whered is the dimensionality. For the 2D case,q51. In
Fig. 10 we show the typical variation oftw with temperature
as obtained for sampleN4 (HTT50). Clearly,tw(T) does
not obey the predicted power law@Eq. ~9!#. If we suppose
that (tw)215(t* )211(t in)

21, wheret in is a temperature-
independent inelastic-scattering time in the investigated t
perature range, thent* obeys a power law with exponen
q'1.

V. DISCUSSION

The aforementioned theories for weak localization are
derived for one type of carrier. In the case of the exfoliat
graphite foils, electrons as well as holes carry the curre
The derived parameters should thus be considered as a
fective weighted average over the two types of carrie
Rainer and Bergmann18 showed that the theory of weak lo
calization is universal in the sense that multiband effects
not effect the weak localization. In this respect, we may c
sider the magnetotransport properties of our graphite st
tures as arising from a multiband system.

After annealing at high temperatures, the negative con
bution to the magnetoresistance becomes weaker~compare
Fig. 6 with Fig. 8 and Fig. 7 with Fig. 9!. This effect is due
to a decrease in disorder by annealing. Aspt decreases sig
nificantly by annealing~see Table I!, the weak localization
can be connected to the amount of turbostratic layerspt . The
negative magnetoresistance contribution does not cha
significantly with the density~at least for the density rang
we investigated!, which indicates that intergrain scatterin
processes do not play an essential role. The phase relax
time is of the same order for samplesN4 andN6. Also the

FIG. 10. Temperature dependence of the wave-function ph
relaxation timetw as determined for sampleN4 (HTT50) using
Eq. ~8! ~data listed in Table IV!. The data points are the result from
the fits and the line is a fit according to Eq.~9!.
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method of preparation of the foils~rolling or pressing11! has
a minor influence.

Like Bayotet al.,7 we conclude that a random stacking
graphene layers~turbostratic structure! is the main cause for
the occurrence of the weak-localization phenomenon. Aspt
is relatively small for our exfoliated graphite samples, t
quantum correction to the conductivity is small when co
pared to the effects observed by Bayotet al.7 in partially
graphitic carbon. Also, forT.4.2 K the negative magnetore
sistance has vanished, in contrast with the magnetoresist
data of Bayotet al. Of course, one cannot exclude that b
sides the stacking disorder, other structural defects, like
cancies or impurity atoms, contribute to the disorder a
hence to the weak localization. It is however beyond
scope of this work to quantify all structural defects.

VI. CONCLUSIONS

The magnetotransport properties of a series of exfolia
graphite foils have been studied at low temperaturesT
.0.4 K) and in magnetic fields up to 8 T. All foils show th
main features of weak localization: a logarithmic depende
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 th
of quantum corrections to the conductivity for the 2D ca
The data were analyzed within the model of Wittmann a
Schmid for weak localization beyond the diffusion limit. Th
analysis of the magnetoresistance yields the phase relaxa
i

f

e
-

nce
-
a-
d
e

ed
(

ce

ory
e.
d

tion

time of the carrier wave. The weak localization is attribut
to disorder in the stacking sequence of the graphene lay

The effect of structural differences in the foils on th
negative magnetoresistance was investigated by varying
density and the temperature at which the samples were
treated. The negative magnetoresistance did not change
nificantly with the density, indicating that intergrain scatte
ing processes play a minor role. X-ray analysis of the exfo
ated graphite samples revealed that the number
turbostratic layers is small, and, therefore, the quantum c
rection to the conductivity is small. The structural disord
induced by the turbostratic layers is the most likely cause
the weak localization. This is established by annealing
exfoliated graphite foils atT52800 °C: the negative magne
toresistance becomes significantly smaller, while the disor
in the stacking sequence decreases.
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