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Two-dimensional weak localization in partially graphitic carbons
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The weak-localization phenomenon for two-dimensional (2D) electronic systems is invoked to ex-

plain the negative magnetoresistance as well as the low-temperature dependence of the resistivity of
pyrocarbon samples heat treated between 2000 and 2600'C. The 2D character is found to originate
from the random stacking of the graphene layers (turbostratic structure) characteristic of pregraphi-
tic carbon rpaterials. For a heat-treatment temperature (HTT) lower than 2200'C, x-ray analysis re-
veals that the structure is almost turbostratic, while the material exhibits a pronounced negative
magnetoresistance. For higher HTT, 3D order typical of crystalline graphite increases, leading to a
2D-to-3D crossover and to a vanishing negative magnetoresistance.

I. INTRODUCl ION

%eak localization is a general phenomenon which
occurs whenever waves propagate in a disordered medi-
um. ' In electronic systems, it originates from interfer-
ence effects between elastically scattered partial carrier
waves, while in the Boltzmann approximation they are
not taken into account. These interferences are con-
structive in the backward direction of propagation, re-
sulting in a backscattering probability enhancement.
Therefore, it leads to an additional contribution to the
resistivity superimposed to the classical Boltzmann con-
tribution.

Since inelastic scattering processes due to electron-
phonon or electron-electron interactions destroy the
phase coherence between carrier waves, weak localization
is essentially a low temperature phenomenon. Also, an
external applied magnetic field suppresses the phase
coherence. ' In the absence of spin-dependent scattering
mechanisms, the two main features of the weak-
localization eff'ect for two-dimensional (2D) systems are a
logarithmic increase of the resistivity at low temperature
and a negative magnetoresistance. ' ' The theory has
been extended to take into account other scattering
mechanisms, namely the spin-orbit coupling which pro-
duces an antilocalization effect and the scattering by
magnetic impurities which produces a saturation of the
additional resistivity at low temperature. ' The weak-
localization effect occurs whatever the dimensionality of
the electronic system, but is much more pronounced for
2D systems than for 3D systems. It has been observed
in many 2D electronic systems such as thin metallic
films and heterostructures.

This model has also been applied with success to ex-
plain low-temperature electronic transport properties in
acceptor graphite intercalation compounds (GIC's).6

In these materials, the 2D character of the electronic sys-
tem is obvious since the intercalated species play the role
of barriers for the motion of the carriers which remain
confined in the graphene layer planes.

Well before the weak-localization effect was predicted
and experimentally observed in many electronic systems,
a negative magnetoresistance had already been reported
in disordered pregraphitic materials by Mrozowski and
Chaberski. ' This unusual phenomenon was found to be
a general feature of poorly graphitized samples. "
Pregraphitic materials are characterized by a turbostratic
structure consisting of a random stacking of graphene
layer planes, in contrast to graphite crystals in which
those planes are stacked in the weB known AB AB. . . se-
quence. ' ' Structural analysis showed that the parame-
ter which is mainly responsible for the occurrence of the
negative magnetoresistance is the degree of three-
dimensional (3D) ordering of the graphene planes. In-
creasing the heat-treatment temperature (HTT) both in-
creases the 3D order and eliminates the negative magne-
toresistance. "'

In 1969, Yazawa' proposed a model based on the in-
crease of the carrier density with increasing magnetic
field to explain the negative magnetoresistance. Ten
years latter, Bright showed that this model was not com-
plete and proposed a more detailed theory. ' Owing to
the turbostratic structure, he used the 2D band model
developed from the results of Wallace' and Mcclure'
for the magnetic field quantization of the density of states
DOS in discrete Landau levels. Disorder-induced
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broadening was invoked to explain the absence of
Shubnikov —de Haas oscillations. Finally, Bright showed
that the DOS, and consequently the carrier density, in-
creases under an applied magnetic field. However, recent
works ' ' showed that the Bright model was unable to
explain both the temperature dependence of the magne-
toresistance and the high-field behavior. It is worth not-
ing that the Bright model also leans on the 2D character
of pregraphitic carbon materials to explain the negative
magnetoresistance. In that case, the negative magne-
toresistance originates from a 2D band-structure model
rather than from a 2D diffusion of carriers. In contrast,
for a given dimensionality, the weak-localization
phenomenon is not affected by the details of the band
model considered, so that it appears as a more universal
effect.

Using high-resolution measurements, we recently
demonstrated that the low-temperature dependence of
the zero-magnetic-field resistivity of pristine carbon
fibers, which showed negative magnetoresistance, was
also anomalous: the resistivity exhibited a negative
temperature coefficient down to 1.7 K. It was shown
that this result cannot be explained at low temperature by
a thermal excitation of carriers in the framework of the
simple two-band (STB) model. ' '

According to the similar features of the negative mag-
netoresistance observed in disordered pregraphitic ma-
terials and in low-stage acceptor GIC's, we used the same
theory to explain this phenomenon in both systems. We
showed that the weak-localization theory in the 2D re-
gime might explain the negative magnetoresistance as
well as the negative temperature coefficient of the resis-
tivity observed at low temperature in pregraphitic carbon
fibers.

But in pristine pregraphitic materials the origin of the
2D character is less obvious than in acceptor GIC's. We
are thus interested to find the origin of the 2D character
of pregraphitic carbons within the framework of the
weak-localization phenomenon: a two-dimensional elas-
tic diffusive motion of the carriers.

Since, as stated above, the heat-treatment temperature
appears to be the main parameter which governs the de-
gree of 3D ordering in pregraphitic materials, we have
performed magnetoresistance and x-ray measurements on
a set of pyrocarbon samples heat treated at different tem-
peratures in the range 2000 to 2600'C where all samples
exhibit negative magnetoresistances.

In this paper, it is clearly shown from the x-ray
analysis that a transition from turbostratic to graphitic
structure arises when the HTT exceeds 2300 C, as al-
ready observed in other works. "' ' ' ' The magne-
toresistance data are analyzed in the framework of the
weak-localization theory and the values of the obtained
parameters are discussed. It appears that the 2D charac-
ter of pregraphitic materials originates from the turbo-
stratic structure, and that the temperature dependence of
the resistivity is the sum of the Boltzmann and the weak-
localization contributions. Finally, we show that the
diffusion of the carriers by magnetic impurities plays an
important role in the negative magnetoresistance effect at
low temperature.

II. EXPERIMENT

The pyrocarbon material for the measurements de-
scribed below was prepared by pyrolyzing methane on
graphite substrates in a laboratory induction furnance at
1680 C and 0.5 Torr. This pyrocarbon had a mosaic
spread, i.e., full width at half maximum of the (002)
orientation distribution, of 45 . Turbostratic structure

0
was indicated by measured interlayer spacing of 3.43 A,
which is 2' larger than the interlayer spacing of ideal
graphite. The specific gravity was 2.15 g/cm .

Portions of the above pyrocarbon sample were heat
treated in a laboratory graphite induction furnance in one
atmosphere of argon at temperatures up to 2800'C.
Separate samples were heated for 30 min periods at
100'C temperature intervals over the range
1800—2800'C. Heating and cooling time was kept to a
practical minimum. Samples were heated to 1700'C in
20-25 min. Above 1700'C, the heating rate was
25 —40'C/min, depending on the final temperature. The
cooling rate to 1700'C was similar to the heating rate
above 1700'C.

Samples of 10X3X0.2 mm in dimensions were used
for resistivity and magnetoresistance measurements. A
conventional dc four-probe method was used with silver
paste contacts. A cryostat was used for measurements in
the temperature range between 1.7 and 300 K. Magnetic
fields up to 1 T perpendicular to the sample surface were
provided by means of a classical electromagnet. The
current flowing in the sample was provided by a high sta-
bility current source (Keithley K224) and the power dissi-
pated was kept sufficiently low to avoid self-heating. The
voltage was measured accurately by means of a Keithley
K181 nanovoltmeter which could resolve 10 V, while
the signal allowed a resolution of a few parts in 10 . To
avoid spurious voltage due to transverse effects, we aver-
aged the values of the magnetoresistance found by revers-
ing both current and magnetic field directions.

The structural characterization of the samples involved
the following steps: (i) measurement of the mosaic spread
about the c axis, (ii) recording of the 001 and h k 0
refiections, and (iii) determination of the distribution of
intensity along a given h k I (primarily the 1 0 l).

The diffraction setup consisted of a 1-kW molybdenum
source, a quartz monochromator (for Ka, selection), and
a vertical axis goniometer, equipped with a scintillation
counter, in the center of which was placed the sample
holder which allowed all measurements to be made on a
single sample (10X 1 XO. 2 mm ). The measurement was
carried out by transmission. For the precise determina-
tion of interplanar distances (d;) based on the 001
reflections, diamond powder was used as a standard.

III. RESULTS

A. X-ray analysis

In Table I we report the experimental values of mosaic
spread and interplanar distance, d,-, based respectively on
the 004 reflection and the position of the center of gravity
of the 002, 004, and 006 peaks.
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TABLE I. Parameters found by the x-ray analysis. d, is the
mean interlayer spacing, p the order parameter defined in the
text, and the mosaic spread is also defined in the text.

HTT
('C)

2000
2100
2200
2300
2400
2500
2600

d
(A)

3.423
3.421
3.405
3.388
3.372
3.357
3.355

0.90
0.88
0.77
0.63
0.46
0.2
0.1

Mosaic spread
{deg)

33

36
38
44
27
21

Figure 1 shows the existence of three distinct regions
according to the temperature of heat treatment.

(i) for HTT ranging between 1700 and 2100'C,
d, =—3.42 A, which is typical of a turbostratic structure.

(ii) For THT ~2500'C, the dimensions of the ordered
domains in the c direction increase while the interplanar
distance is very close to that of graphite.

(iii) Finally, for 2200~ T„T&2400'C, the HTT aff'ects

drastically the mean interlayer spacing, showing that gra-
phitization occurs.

As will be seen in the following paragraphs, the gal-
vanomagnetic properties are closely correlated to these
structural modifications. A complete analysis of the crys-
tallographic data, including the h k I profiles, will be
presented in a next paper.

We introduce the structural parameter p as the proba-
bility of finding two neighboring graphene layers of a par-
tially turbostratic sample in a randomly stacked
configuration. As a consequence, 1 —p is the probability
of finding two layers in an AB stacking configuration
characteristic of the graphite crystal. When p =l, the
sample is fully turbostratic, while for a perfect 3D single
crystal, p =0.'

A relation between the parameter p and the value of
the mean interlayer spacing d;, as determined by x-ray
analysis, has been previously established' and later

confirmed:

B. Resistivity and magnetoresistance

The temperature dependence of the resistivity of select-
ed samples heat treated at 2000, 2300, and 2600'C be-
tween 1.7 and 300 K are presented in Fig. 2(a). In Fig.
2(b), the low-temperature behavior is presented in more
detail. The liquid-helium temperature resistivity values,
p(4.2 K), as well as the residual resistance ratio
[p(300 K)/p(4. 2 K)], are given in Table II for all the sam-
ples studied.

We see that, for each sample, the resistivity exhibits a
negative temperature coef6cient down to the lowest tem-
perature investigated. This behavior has also been ob-
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where d; is expressed in angstroms. The values of the pa-
rameter p found for our samples using relation (1) are also
given in Table I.
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FIG. 1. Effect of the heat-treatment temperature HTT on the
0

mean interlayer spacing, d;. The turbostratic- (d, =3.44 A) to-
0

graphitic (d; =3.354 A) transition occurs mainly for
2200 THT ~ 2400'C.

TEMPERATURE (K)

FIG. 2. Temperature dependence of the resistivity of the
samples heat treated at 2000, (CI), 2300, (), and 2600'C (A).
Over the whole temperature range investigated, the resistivity
increases monotonically as the temperature is decreased (a).
The low temperature behavior (b) cannot be understood by sim-

ply invoking a thermal excitation of carriers.
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HTT
(C)

2000
2100
2200
2300
2400
2500
2600

p(4.2 K)
(10 ' Qm)

11.5
9.5
8.5
7.4
6.4
3.3
2.3

p(300 K)/p(4. 2 K)

0.73
0.70
0.72
0.75
0.62
0.66
0.65

TABLE II. Zero-magnetic-field resistivity and residual resis-
tance ratio.

ples of various values of HTT is summarized in Fig. 4.
The amplitude of the negative magnetoresistance is com-
parable for the samples heat treated at 2000, 2100, and
2200 C. When the HTT rises above 2300'C, the negative
component of the magnetoresistance vanishes drastically
and becomes very small for THT =2600'C. Simultane-
ously, the positive component of the magnetoresistance
becomes more and more important. This general behav-
ior is in agreement with results presented elsewhere. "

IV. DISCUSSION

A. Theoretical background

served in pregraphitic carbons fibers and in pyrocar-
bons which all show a negative magnetoresistance.

The magnetoresistance data as a function of magnetic
field at various temperatures are presented in Fig. 3 over
the whole magnetic field range investigated. The magne-
toresistance is negative at low temperature and at low
magnetic field. As the temperature rises, the magne-
toresistance becomes less and less negative, and above a
given temperature, which is sample dependent, the mag-
netoresistance becomes definitively positive. This behav-
ior is similar to that observed in pregraphitic carbon
fibers.

The magnetoresistance behavior at 4.2 K for the sam-

2

G(H, T) =Go+
2m fi

H1—+
2 H

Hz( T)
+—'%' —+

H3(T)—+
2 H

(2)

In the framework of the weak-localization theory, the
correction to the sheet conductance 6 as the magnetic
field H is applied perpendicular to the 2D electronic sys-
tem is given by '
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FIG. 3. Magnetoresistance (%) as a function of magnetic field at various temperatures as indicated, for various samples (each
sho~n separately) with heat-treatment temperature between 2000 and 2500 C. The symbols represent experimental data, awhile the
curves result from the best-fit calculations. For all the samples, the magnetoresistance becomes less and less negative as the tempera-
ture rises. Above a given temperature, which is sample dependent, the magnetoresistance becomes definitively positive. The rela-
tions of the weak-localization theory reproduce fairly well the magnetoresistance data over a wide range of magnetic field and tem-
perature.
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FIG. 4. Magnetoresistance (%) at T=4.2 K as a function of
the magnetic field for the samples heat treated at the indicated
temperatures. When the HTT is raised above 2300'C, the nega-
tive component of the magnetoresistance progressively vanishes.

values of the parameters R~, Hp, H„H, , and H; for a
given sample and at a given temperature. These parame-
ters are directly related to the relaxation times of the cor-
responding scattering mechanisms. Therefore, the weak-
localization effect is a unique and powerful tool to investi-
gate separately the different scattering mechanisms
which, in the interpretation of a classical transport mea-
surernent, are generally masked by the dominant scatter-
ing mechanism due to lattice defects or by other
temperature-dependent parameters. For example, the
temperature dependence of ~; will be determined even in
the lowest temperature range where ~o&&v;. Likewise,
the scattering of carriers by magnetic impurities will be
determined even when 7p (&7,.

The analysis of the negative magnetoresistance data
within the framework of the weak-localization theory is
the purpose of the next section.

B. Magnetoresistance data analysis

k 4 D
(k =O, i, s, s.o. ) (3)

represent the characteristic magnetic fields associated
with the scattering mechanism, k: elastic scattering (0),
inelastic scattering (i), magnetic impurity scattering (s),
or spin-orbit coupling (s.o.); rk is the relaxation time cor-
responding to the scattering type "k" and D is the
diffusion constant:

D =
—,VF&p

2

where vz is the Fermi velocity.
In the limit of zero magnetic field, Eq. (2) becomes

K3/2

G(0, T) =Go+ ln
2+6 K,

(4)

For convenience, we discuss our results in terms
of the magnetoresistance hR/R rather than in terms
of the magnetoconductance AG /G, where
AG = G (H, T) G(0, T). Since b—,G /G ((1, we have
4R/R —= —AG/G. Also, we introduce the sheet resis-
tance R~ =1/Gp.

Comparing experimental data with the above theoreti-
cal relations, it is, in principle, possible to determine the

where Gp is the sheet conductance as calculated in the
classical Boltzmann formulation of the transport theory.
In the special case of a film considered as a quasi-2D sys-
tem, the sheet conductance is the product of the 3D con-
ductivity by the thickness of the film. In Eq. (2), %' is the
digamma function and H„Hz(T), and H3( T) are defined

by

Hi Ho+H .o. +H

H2( T) =H; ( T) + 4 H, , + ,'H, , —

H3 ( T)=H; ( T)+2H, ,

where the quantities

In addition to the negative magnetoresistance due to
the weak-localization effect, the so-called Lorentz-type
positive rnagnetoresistance has to be taken into account
in performing a detailed quantitative analysis of the data
obtained in our samples. We make the assumption that
the observed magnetoresistance can be expressed as the
sum of two terms:

( b R /R ),„,= ( hR /R )L„,„„+( b,R /R )„I .

In the limit of low magnetic field, i.e., when pH «1
(Refs, 24, 30, and 31),

(hR /R )L„,„„—= (PH)

where p is the mobility of the carriers expressed by

I /p = 1/po+ 1/p;,
where pp corresponds to defect scattering and p; to
scattering by phonons.

Our analysis has been restricted to the temperature and
magnetic field ranges where the negative component of
the magnetoresistance appears clearly and where the
H dependence of the positive component is observed.
Thus, for poorly graphitized samples, i.e., when
2000& TH~ ~2300'C, the whole set of data obtained
from 1.7 to 300 K was analyzed up to 0.8 T. For the
samples heat treated at 2400, 2500, and 2600'C, we re-
stricted our analysis below 85, 22, and 8 K, and for mag-
netic fields lower than 0.8, 0.1, and 0.05 T, respectively.
Since p; »pp for all the samples in their correspondingly
limited temperature range, we can reasonably assume
that P -=Pp.

At low temperature, no positive magnetoresistance ap-
pears in the low-magnetic-field range whatever the sam-
ple considered (Fig. 3). This means that spin-orbit cou-
pling is negligible in our samples, i.e., H, »H, , So, in
the fitting procedure, we may set K, , =0 at each tem-
perature.

The temperature dependence of the negative magne-
toresistance is mainly included in the parameter H;( T).
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In a previous study performed on pregraphitic carbon
fibers, we showed that the temperature dependence of
H,- is best expressed by

H, =aT .

The sheet resistance R z is a function of both the relax-
ation time ~p, which is temperature independent, and the
carrier densities n and p, whose temperature dependence
cannot a prori be neglected for our samples in the tem-
perature range considered. The values of R~ given in
Table III are those obtained in the liquid-helium temper-
ature range. For higher temperatures, the R~ has been
lowered according to the increase of the carrier density.
The estimation of the temperature dependence of the car-
rier density will be discussed in Sec. IV C.

The influence of the mosaic spread on the observed
magnetoresistance has been taken into account by means
of the relations given in Appendix A.

Only four temperature-independent parameters R z, a,
H„and pp are used to fit the rnagnetoresistance data as a
function of magnetic field and temperature for a given
sample. The fit was carried out using the usual least-
squares method. Both experimental results and best-fit
calculations are presented in Fig. 3 and the correspond-
ing values of the fitting parameters are given in Table III.

The values of Hp given in Table III were roughly es-
timated using relations (3) and (4), taking a typical value
for v~ = 10 m/s (Ref. 15) and the corresponding values of
pp for each sample. Fortunately, even a very rough es-
timation of Hp would not significantly affect the values
found for the other fitting parameters since the fitting cal-
culations were performed with H(Ho. Indeed, when
H & Hp the temperature dependence of the magnetoresis-
tance is not affected by the value of Hp.

For the samples heat treated between 2000 and 2200'C
the fitting parameters take very close values. On the oth-
er hand, for the samples heat treated at higher tempera-
ture, R~ and H, decrease significantly, while pp in-

creases. It must be noted that these rapid changes in the
parameters with HTT correspond to the HTT range
where the turbostratic-to-graphitic transition occurs.

C. Temperature dependence of the resistivity

Using relation (5) and the values of the parameters
given in Table III, it is possible to estimate the contribu-
tion of the weak-localization effect to the zero-magnetic-

field resistivity. Subtracting this contribution from the
total measured resistivity, we obtain the so-called
Boltzmann contribution.

Figure 5(a) shows that the temperature dependence of
the Boltzmann resistivity and of the total measured resis-
tivity for the sample heat treated at 2000'C are qualita-
tively different. The samples heat treated between 2000
and 2200'C show a similar behavior. The low-
ternperature Boltzrnann contribution, which is about
30% smaller than the total resistivity, is presented in
more detail in Fig. 5(b). At low temperature, the resis-
tivity increases almost linearly with the temperature.
Above a given temperature, which is sample dependent,
the temperature coefficient of the resistivity is reversed
from positive to negative. This behavior is characteristic
of well-graphitized samples when no magnetic field is ap-
plied. ' ' ' ' The low-temperature behavior is ascribed
to the decreasing mobility with rising temperature, while
the high-temperature behavior results from the thermal
excitation of carriers which increases the total carrier
density. The temperature dependence of the carrier
density has been derived from the Boltzmann resistivity
and used to correct the value of the sheet resistance R z
in the fitting procedure.

The Boltzrnann contribution to the resistivity of the
sample heat treated at 2400'C is presented in Fig. 5(c).
All the samples heat treated above 2300'C studied here
show a similar behavior. It appears that the thermal ex-
citation of carriers becomes important at much lower

temperature than for the samples heat treated at 2000,
2100, and 2200'C.

Figure 6 includes both the Boltzmann resistivity and
the total measured resistivity at T=4.2 K. The magni-
tude of the weak-localization contribution decreases
when the HTT is increased and vanishes for
THT 2600'C.

These results provide strong support for the interpreta-
tion of the negative magnetoresistance in pregraphitic
materials in terms of weak localization, since it is possi-
ble, with this model, to understand the temperature
dependence of the resistivity as well.

D. Origin of the 20 character

For most of the electronic systems exhibiting 2D weak
localization, the physical origin of the 2D character is
relatively easy to understand. In thin metallic films, it is
the sample surfaces which restrict the motion of the car-

TABLE III. Parameters found by the best-fit calculation performed on the magnetoresistance data,
using relations (2) and (5)—(8).

HTT
(C)

2000
2100
2200
2300
2400
2500
2600

R~
(0/square)

6230
6970
6680
3590
916
170
30

H,
(T)

2.0x10 '

2.0x 10
2.0x10-'
1.3 x10-'
3.0x10-'
3 x10-'

=10

n
(10 T/K)

1.9
1.8
1.9
1.7
2.2
1.0
0.2

go
(m'~s)

0.12
0.15
0.18
0.15
0.16
0.62
1.17

Ho
(P

4.5
2.8
2.1

1.5
1.0
0.1

0.05
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FIG. S. Temperature dependence of the resistivity. (a) for
THT =2000'C and for T up to 300 K: ~, total measured resis-
tivity; and ~, Boltzmann contribution to the resistivity obtained
after subtraction of the weak localization contribution (see text).
(b) and (c) Low-temperature Boltzmann contribution for the
sample heat treated at 2000'C (0) and 2400'C (4). For the
latter, the thermal excitation of carriers starts to play a
significant role at much lower temperature than for the former.

FIG. 6. Resistivity at T=4.2 K as a function of HTT. The
difference between the total measured resistivity (~ ) and the
Boltzmann contribution (o) is important for low values of HTT
and vanishes for THY ~2500 C. The solid lines are guides for
the eye.

We present in Fig. 7 the HTT dependence of po/Rz.
This ratio increases drastically for THT 2300'C, sug-
gesting a 2D-to-3D crossover as far as the 2D weak-
localization phenomenon is concerned. We now try to
correlate this behavior with structural modifications re-
vealed by x-ray measurements. For that purpose, the ra-
tio po/R~ is plotted against p which characterizes the de-

gree of three-dimensional ordering (Fig. 8). It is seen that
po/R~ exhibits approximately a p dependence.

Negative magnetoresistance is present in turbostratic
samples while it is absent in graphitic ones. Therefore,
the relative amount of turbostratic layers in a sample
should be of importance to determine the magnitude of
this effect. The probability of finding a turbostratic gra-
phene layer, i.e., that which is randomly stacked with
respect to its two neighbors, is equal to pep =p . The
relative contribution of these layers to the total conduc-
tance of the sample is also equal to p . Moreover, within
the framework of the weak-localization theory, the am-
plitude of the negative magnetoresistance is proportional
to R~. Consequently, if we make the hypothesis that in
partially turbostratic samples, only the turbostratic layers
contribute to the 2D weak-localization phenomenon, we

10 ',:

riers in a plane. For heterostructures and superlattices,
the carriers are confined in a 2D potential well, while in
acceptor GIC's the carriers are totally localized in gra-
phene layers. In contrast, in pregraphitic materials, the
origin of the 2D character is a priori not so obvious.

For thin metallic films as well as for superlattices, Rz
is given by the ratio of po and the thickness of the quasi-
2D system, g. For inhomogeneous systems containing
cracks, voids, amorphous domains, and extra-resistive
boundaries, a correction coefficient 0 (A, ( l has to be in-
troduced, ' so that

10':

I I I

1800 2000 2200 2400 2600 2800
HTT ( C)

FIG. 7. Evolution of the ratio po/R& with varying HTT (see
text). When the HTT is raised above 2300 C, po/Rz increases
drastically, suggesting a 20-to-30 crossover as far as the weak-
localization phenomenon is concerned. Solid curve is guide to
the eye.
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10'

10'

10"

FIG. 8. Ratio po/R& as a function of the structural parame-
ter p which characterizes the partially graphitic state. The sym-

bols are experimental data while the solid line corresponds to a

p dependence with A, =0.F(see text).

magnetic impurity concentration in the sample. For the
estimation of the value of D, see Appendix B.

From Fig. 9, it appears that for THT ~2300'C, v, in-
creases significantly. The value of ~, found for the sam-
ple heat treated at 2200'C is about 2 orders of magnitude
lower than that of the sample heat treated at 2500'C.
Since 1/~, is proportional to the magnetic impurity con-
centration, this result is in fairly good agreement with
those found by other techniques which show that im-
planted impurities diffuse between the graphene planes
and goes out of the sample for THT 2300'C. Moreover,
iron, which is known to constitute impurities in pyrocar-
bon materials, produces magnetic scattering for weakly
localized carriers. 35

F. Final remarks

find for the apparent R z the following expression:

z PoR~=p
d;

thereby accounting for the p dependence of po/R~.
The present model reproduces quite well the experi-

mental values of Fig. 8 for a wide range of p and thus for
very difFerent degrees of graphitization. A reasonable
value for A. =0.5 is required to fit quantitatively the ex-
perirnental values of po/R~ found for all the samples in-
vestigated in this study. Values for A, given in the litera-
ture are typically found between 0.1 and 1.

X-ray and magnetoresistance results tend to show that
partially graphitized carbon is a mixture of two phases.
The first consists of well-stacked graphene planes in the
ABAB. . . sequence characteristic of crystalline graph-
ite, while the second consists of turbostratic layers. Ac-
cording to the present results, the turbostratic phase is
found to be responsible for the 2D behavior in the sense
of the weak localization.

E. Magnetic impurities

We now discuss the infiuence of the HTT on the mag-
netic impurity scattering time ~, which should reflect the

The theoretical relations for weak localization used in
the present work have been derived in the weak disorder
limit, i.e., for k+1 & 1, where k~ is the Fermi wave vector
and I the mean free path of the carriers. Estimating the
product kFl for our samples, we find that k+1 is higher
than unity for THY ~ 2100'C, while for the sample heat
treated at 2000'C, kzl is lower but close to 1. When the
weak-disorder condition is not verified, higher-order
terms cannot be neglected and the relations used here are
no longer strictly valid. That is the reason why we limit-
ed our investigations to samples heat treated at 2000'C
and above.

In most of the 2D electronic systems exhibiting weak-
localization effect, the magnitude of the additional resisi-
tivity is generally very small compared to the classical
Boltzmann contribution. In contrast, in mainly turbo-
stratic carbons, weak localization contributes to a much
larger extent (=30%) to the resistivity at liquid-helium
temperature. As stated above, the magnitude of the
weak-localization effect is proportional to the sheet resis-
tance R~ which is found to be much larger in our sam-
ples than in the other 2D electronic systems. It is worth
noting that as for inversion layers and acceptor GIC's,
the mean free path is not limited by the thickness of the
2D layer since it is intrinsically two-dimensional. Pregra-
phitic materials appear to be well suited to study weak-
loealization effects in transport properties for which large
amplitudes are needed to be observable.

10';:

10";

10-11

10 ".

10 "
1800 2000 2200 2400 2600 2800

HTT ('C)

FIG. 9. HTT dependence of the magnetic impurity scattering
time ~, . It is constant for THT ~2200 C, and increases drasti-
cally when the HTT is increases, suggesting that magnetic im-
purities diffuse out of the sample.

V. CONCLUSIONS

Magnetoresistance and resistivity measurements as
well as x-ray-diffraction structural analysis have been per-
formed on a set of pyrocarbon samples heat treated in the
temperature range between 2000 and 2600 C.

The magnetoresistance is negative at least at low tern-
perature and low magnetic field. The amplitude of the
effect is rather similar for the samples heat treated at
2000, 2100, and 2200 C, while it vanishes progressively
as the heat-treatment temperature exceeds 2300 C.
Moreover, as previously pointed out in a recent study
performed on pregraphitic carbon fibers, the resistivity
exhibits an anomalous behavior at low temperature
which cannot be explained by simply invoking a thermal
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excitation of free carriers.
X-ray structural analysis reveals that a turbostratic-

to-graphitic transition occurs when the HTT is raised
above 2200 C.

The whole set of magnetoresistance data is analyzed
within the framework of the weak-localization theory for
2D electronic systems. The theoretical relations repro-
duce the experimental data fairly well. Moreover, the
striking 1ow-temperature dependence of the resistivity is
simply understood as resulting from the sum of two con-
tributions: the weak-localization contribution, which
causes the observed anomalous behavior at low tempera-
ture, and the classical Boltzmann contribution. The tem-
perature dependence of the so-called Boltzmann resistivi-
ty is qualitatively understood invoking the temperature
dependences of both the mobility and free-carrier density.

The 2D behavior is ascribed to the turbostratic struc-
ture. More precisely, our results can be understood if it
is assumed that only the turbostratic graphene layers ex-
hibit a 2D behavior as far as the weak-localization is con-
cerned, while the graphitic regions do not. X-ray
analysis shows that a partially graphitic sample is com-
posed of a mixture of two phases. The first consists of
graphitic 3D-ordered stacking sequences, while the
second consists of turbostratic layer planes. As HTT in-
creases, the graphitic regions grow to the detriment of
turbostratic regions, leading to a vanishing 2D weak-
localization effect. The disappearance of the negative
magnetoresistance effect as the sample becomes more gra-
phitic is consistent with this kind of 2D-to-3D crossover.

Our results also show that magnetic impurities are
present in our samples and that their concentration de-
creases significantly when the HTT rises above 2300'C.
This observation is in agreement with other investiga-
tions which show that impurities diffuse out of partially
graphitic samples in the same HTT range.
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APPENDIX A

The relations of magnetoresistance given in the text are
strictly valid only when the magnetic field direction is
perpendicular to the 2D carrier system which lies here in
the graphene layers. Since the mosaic spread cannot be
neglected in our samples, the observed magnetoresistance
is not directly given by relations (2), (5), (6), and (7). Ac-
cording to the large anisotropy of the magnetoresistance
in pregraphitic materials, ' we can assume that only the
magnetic field component perpendicular to the graphite
layers produces the magnetoresistance. Hence, the ap-
parent magnetoresistance, i.e., the experimental magne-
toresistance [ihR(H, T)/R (0, T)],„,is given by

bR(H, T)
R(O, T)

1 n/2 b,R(H cos8, T)
R (O, T)

, theor

d8, (Al)

where 0 is the angle between the normal to a graphene
layer and the magnetic field direction. The theoretical
magnetoresistance which appears under the integral is
the one that would be observed if the magnetic field was
perpendicular to each graphene layer. We assume that
the weight function f(8) takes the form of a Gaussian
function:

1 0f(8)= —exp
0 &K 2cr'

(A2)

where o. is the standard deviation which has been deter-
mined via x-ray experiments.

APPENDIX B

For the less graphitic samples, taking a mean value for
@0=1.5 X 10 ' m /V s and m'/mo =0.012, we find

~0= 10 ' s. Taking v~ = 10 m/s, it follows that
D = 5 X 10 m /s. As the graphitization process
progresses, it is more diScult to estimate D. Ho~ever, UF

and v.o, respectively, decrease and increase as the sample
becomes more and more ordered. ' Therefore, we will
make the assumption that D does not depend significantly
on HTT, in comparison to the strong dependence of 0, .
The weak HTT dependence of a supports that assump-
tion.
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