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High-field magnetoresistance of graphite revised
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A detailed magnetoresistance (MR) study of bulk and microflake samples of highly oriented pyrolytic graphite
in a broad temperature 240 = T > 1K and magnetic field uoH < 62T range, reveals the existence of three
independent phenomena, the contributions of which are observed at different temperatures and fields. The
identification of the three phenomena was possible by studying the MR of samples with thickness of 25 um
to 23 nm. At temperatures 7 2 100 K the MR is mainly given by the semiconducting stacking order regions. At
lower temperatures the contribution of the internal interfaces of graphite to its MR is clearly observable. These
interfaces are the origin of the commonly observed electronic phase transitions at fields 35 < uoH S 55T at
T < 10 K as well as a background MR in the whole field range that resembles the MR measured in granular

superconductors.
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I. INTRODUCTION

In the early 1980s, Tanuma et al. reported a sharp increase
in the magnetoresistance (MR) of graphite when a strong
magnetic field uoH > 20T is applied parallel to the ¢ axis
at temperatures 7 < 10K [1]. Later, this observation was
confirmed in different kinds of graphite samples, e.g., in Kish
graphite [2-8], and synthesized as a byproduct in steelmaking
and in highly oriented pyrolytic graphite (HOPG) [9-11];
for recent reviews, see Refs. [12,13]. There are a number of
theoretical studies trying to provide an answer to several de-
tails of the electronic transitions observed in graphite at high
fields and low temperatures. Yoshioka and Fukuyama [14],
for example, proposed the existence of charge-density waves
or spin-density waves to explain such electronic anomalies.
Also, an excitonic BCS-like state was proposed to understand
the behavior observed at fields above 50 T [3]. Recently, the
field-induced metal-insulator transitions in thin flakes of Kish
graphite with thickness # = 178 and 70 nm were studied [7],
also under the influence of an electric field [8]. Those results
were tentatively interpreted, suggesting that the electronic
state in the insulating phase has an order along the stacking
c-axis direction [8].

Several unclear experimental details of the field depen-
dence of the electrical resistance of graphite samples added
to the different interpretations demonstrate that there is no
consent on the origin of the field-induced transitions. Part of
the reason is related not only to details of the proposed phase
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diagram [12,13] but to conflicting experimental evidence, as,
for example, that the electronic transitions are sometimes
absent in certain ordered graphite samples [9,15]. This un-
clear conflicting evidence plus different sample dependent
features published in the literature on the magnetoresistance
of graphite in the last ten years suggest that these high-field
transitions as well as the metal-insulator transition are not
intrinsic of the graphite ideal structure. One of the main
aims of our studies is to prove that the reported field-induced
transitions are not intrinsic to the ideal graphite structure.
Therefore, a relevant portion of the published interpretations
must be revised.

II. THE INTERNAL STRUCTURE OF GRAPHITE
SAMPLES: THE EXISTENCE OF INTERNAL INTERFACES

Earlier experimental studies reported the vanishing of the
Shubnikov—de-Haas (SdH) oscillation amplitude the thinner
the Kish graphite samples [16,17]. Furthermore, a nonlinear
increase of the resistance of graphite samples by decreasing
their thickness was reported [18], i.e., the absolute resistivity
increases the thinner the sample [19,20]. Moreover, one of the
apparently most robust properties of bulk graphite, its huge
diamagnetic magnetization, was shown recently to depend
also on the sample thickness [21]. All this experimental evi-
dence is at odds with the hypothesis of homogeneity assumed
in most of the investigations of the electronic transport proper-
ties of graphite and speaks to an unconventional contribution
of interfaces embedded within a semiconducting matrix.

The recently published evidence on the thickness depen-
dence of the galvanomagnetic behavior of a large number of
graphite samples [20,22,23] indicates that several published
features are related to internal two-dimensional (2D) inter-
faces. In other words, the measured electrical properties of
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FIG. 1. Normalized resistance of the investigated samples vs
temperature. The lines through the data points are fits to the three
contributions in parallel as described in detail in Refs. [20,22,23].
The main change between the bulk and the thinner flakes is given
by the weight of the metalliclike interfaces conductance. The inset
at the bottom shows the resistivity as a function of the thickness ¢
at room temperature. The upper inset shows a STEM image with
the e beam parallel to the graphene planes of graphite. The ¢ axis
of the graphite structure is normal to the interfaces existing between
crystalline regions, shown with different brightnesses. Those regions
correspond either to crystalline Bernal regions twisted around the
common ¢ axis or to the rthombohedral phase. For further STEM
pictures see Ref. [24].

graphite do not correspond to those of a homogeneous (struc-
turally and electrically) graphite sample, whether the samples
were natural graphite, HOPG, or Kish graphite [20,24].

Graphite is a layered material built by weakly coupled
graphene sheets, where usually the graphene layers adopt a
hexagonal ABABA... (2H) stacking sequence (Bernal) [25] or
as a minority phase the ABCABCA... stacking order [rhombo-
hedral (3R)] [26]. Scanning transmission electron microscopy
(STEM) measurements show that most of the samples are
formed by a stacking of crystalline blocks with well-defined
interfaces between them (see the upper right inset in Fig. 1,
as an example). One of the advantages of using HOPG of
high grade to study the thickness dependence of the graphite
properties is the fact that the density of interfaces (i.e., the
number of interfaces per ~1-um-thick region parallel to the ¢
axis of the graphite structure) is relatively constant, indepen-
dently of the region of the sample that one cuts from the bulk
HOPG piece. This knowledge comes from a large number of
STEM images obtained in this graphite type, in clear contrast
to natural graphite samples [27], for example.

Nevertheless, the characterization of single interfaces, even
the knowledge of their lengths in the two directions (normal
to the c axis) in samples of several-square-micrometers area
(as our samples) or larger, cannot be simply obtained. The
reason is that some of the 2D interfaces localized in depth
of the usually measured TEM lamellas cannot appear with
clear boundaries in the usual STEM pictures. Moreover, their
lengths are smaller than the length of the graphene planes
due to interface boundaries (see, e.g., Ref. [21]). Taking into
account all the STEM pictures obtained in HOPG samples of
grade A, we can state with certainty that the absolute number
of interfaces decreases the thinner the sample but it does
not necessarily decrease to zero. In other words, even in the
case of a bilayer graphene sample, i.e., the thinnest sample
possible with stacking AB, a twisted region can still exist in a
several-square-micrometers-large area.

In general, three types of interfaces can be found, namely,
between twisted 2H crystalline regions (we name it type 1),
between twisted 3R regions (type II), and between (twisted)
3R/2H regions (type III). The twist angle 6, between the two
crystalline regions of an interface is defined through a rotation
around the common c axis (see, e.g., Ref. [24]). It may play
a main role in the electronic properties of a given interface.
For example, Van Hove singularities in the density of states
are situated closer to the zero-bias energy at smaller 6, [28],
or a flat band is expected at 8, = 0° for a type-III interface
[29,30]. The thickness of the crystalline regions (in the c-axis
direction) having a common interface varies between = 10
and 500 nm upon sample and the location within the same
sample. Electron back scattering diffraction indicates that the
lateral sizes of those crystalline regions in HOPG samples
range between <3 and &~ 20 um [31]. This means that our
microflake sizes are of the order of the crystal lateral size in
HOPG.

We further note that superconductivity at ~1 K was dis-
covered in a single interface, a twisted bilayer graphene
[32]. However, evidence for granular superconductivity with
much higher critical temperatures at embedded interfaces
in bulk HOPG and natural graphite samples was reported
earlier [27,33-35]. Therefore, we expect that the main MR
signal measured at low enough temperatures and thick enough
graphite samples should be mainly related to the electronic
systems within the 2D interfaces. To show this we have
studied the in-plane MR under pulsed magnetic fields uoH <
62 T (applied parallel to the ¢ axis) in four different samples
with thickness at 23 nm < ¢ < 25 um and lateral size from
millimeters to below 10 um, obtained from a millimeter-
size HOPG sample from Advanced Ceramics (grade A). Our
results and in particular the thickness dependence of the MR
behavior help us to recognize the main contributions to the
MR of graphite.

In Sec. III we describe the samples and further experi-
mental details. The MR results under pulsed fields of four
samples are presented in Sec. IV. Those measurements were
accompanied by the temperature dependence of the resistance
R(T') and MR measurements under stationary magnetic fields
to 18 T, which are shown in the Supplemental Material [36],
which includes the results of two further graphite samples. We
provide in Sec. V an interpretation of the behavior of the MR
of graphite samples in the whole field and temperature range.
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TABLE I. Summary of sample dimensions and the absolute resistance at 300 K. The number after the label “MG” of the multigraphene

samples indicates the corresponding sample thickness in nm.

Sample name Length / (m) Width w (m) Thickness ¢ (m) R (300 K) (£2)
Bulk 0.0035 7 x 10~ 2.5 x 1073 0.023
MG60 4% 107° 7 x 107° 6 x 1078 2.926
MG45 4x107° 9x 1076 45x%x 1078 6.7
MG23 6 x 107° 8 x 107° 23 x 1078 50.7

III. EXPERIMENTAL DETAILS AND SAMPLES

The graphite microflakes were produced by a rubbing
method described in a previous publication [19]. After pat-
terning the electrodes geometry for the resistance measure-
ments using electron-beam lithography, the voltage and input
current electrodes on the samples were produced by sputtering
of Cr/Au. Table I shows the dimensions of the four samples
shown in the main paper. All samples were from the same
bulk HOPG sample of grade A. All measurements were
done in a four-probe configuration and magnetic fields were
applied along the c-axis direction of the graphite structure.
The temperature dependence of the resistance and the low-
field MR were initially characterized using a commercial “He
cryostat. The high magnetic field MR was measured at the
high magnetic field laboratory in Dresden (to 62 T applied
with a pulse length of ~150 ms) and in Tallahassee (dc fields
to 18 T) within the temperature range of 1.2 to 245 K. A
lock-in amplifier (3.33 kHz) was used to measure the voltage
during the rise and decay of the magnetic field. The applied
currents varied between 5 and 10 nA to avoid self-heating
effects.

In general, HOPG samples of grade A thicker than 2100
nm show transport properties similar to bulk graphite. With
the exception of Refs. [7,8], most of the previous studies on
the high-field MR of graphite were done on thicker samples of
millimeter size [1-5,9,11,14]. Taking into account the internal
structure of the graphite samples [22,24,31] (see inset in
Fig. 1), we need to reduce the sample thickness to tens of
nanometers and also the lateral size to a few micrometers in
order to get electrical properties with a weaker contribution of
the internal interfaces, i.e., nearer to the intrinsic properties of
ideal single phase graphite.

IV. RESULTS

A. Temperature dependence of the resistance R(T') of graphite
samples with different thickness

Figure 1 shows the temperature dependence of the re-
sistance R(T') of all four samples without applied field. In
the inset of Fig. 1 the resistivity p is plotted as a function
of sample thickness ¢. The temperature dependence of the
electrical resistance can be very well understood assuming
the parallel contribution of semiconducting regions with both
stable stacking orders and a metalliclike contribution from
the interfaces [20,22,23], as shown by the fits to the data in
Fig. 1. Whereas the resistance of the thickest sample shows
the typical metalliclike behavior of bulk graphite, the R(T)
of the microflakes tends to a semiconductinglike behavior the
smaller the sample thickness. The change from metalliclike

to semiconductinglike behavior, decreasing sample thickness,
is due to the reduction of the number of highly conducting
2D interfaces [20]. Obviously, the (low) field-induced metal-
insulator transition does not occur in thin graphite samples.
The R(T') curves shown in Fig. 1, as well as those obtained in
more than 20 samples from different origins and measured at
different laboratories, can be very well described between 2
and 1100 K with a parallel resistor model [23]. The difference
in the fit parameters of the four samples shown in Fig. 1 is
mainly in the total conductance of the interfaces, decreasing
the thinner the sample [20,23].

B. The magnetoresistance of the bulk sample

1. Evidence for a semiconducting behavior of the
magnetoresistance at high enough temperatures

We now discuss the magnetoresistance, defined as MR =
[R(H) — R(0)]/R(0), at different temperatures shown in Fig. 2
for the bulk sample. In general, at T 2 150 K the contribution
of the interfaces to the total MR starts to be overwhelmed
by the higher conductance of the two semiconducting phases
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FIG. 2. High magnetic field results of the HOPG bulk sample
(t = 25 um). The vertical arrows indicate the “critical fields” «(T")
and o/(T'). The horizontal arrows indicate the field sweep direction.
The dashed lines through the data points at the three highest tem-
peratures are fits to Eq. (1) with the parameters An/n = 0.0484 and
w=1277m?/VsatT =241 K. At lower T, u slightly increases
whereas An/n decreases (see Supplemental Material [36] for a
discussion of the parameters). The best possible fit of the data at
50.9 K to Eq. (1) is shown only to emphasize the disagreement at low
fields and the develop of a maximum at ~30 T. The fits to Eq. (1) get
much worse at lower T'.
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contributing in parallel [23]. Therefore, at high enough tem-
peratures the MR behaves as the one of a (low-gap) semicon-
ductor. For graphite samples with lateral dimensions larger
than the mean free path [31,37,38], the two-band model given
by Eq. (1) and derived under the Boltzmann-Drude quasi-
classical diffusive approach [39] provides a good (qualitative)
description of the MR of bulk graphite at 7 > 120K (dashed
lines in Fig. 2). The equation

2 2
MR = [u232<1 _ A—'Z>]/[1 +M2BZA—Z} (1
n n

is a simplified version of the two-band model equation assum-
ing equal mobility for both electrons and holes (u = u, ~
un), with An/n = (n, — ny,)/(n. + ny,) the relative charge im-
balance between electron 7, and hole n;, carrier densities and
B = poH. This simplified expression has only two adjustable
fitting parameters, the average mobility p and the relative
charge imbalance An/n, and it is insensitive to the absolute
value of n, (or n;). Equation (1) provides two key features
of the experimental MR, namely, the B? field dependence at
low fields and its saturation at high enough fields (see Fig. 2).
Note that the parameters obtained from the fit of the MR to
Eq. (1) are not related to the ones obtained from the SdH
oscillations because they belong to two different electronic
systems. Namely, the semiconducting behavior is due to the
graphite regions without interfaces, whereas the 2D electronic
systems, the origin of the SdH oscillations, are localized at the
2D interfaces [20,22,23].

2. Negative magnetoresistance and electronic transitions at low
temperatures and high enough fields

The MR data at T < 50.9 K shown in Fig. 2 deviate from
the predictions of the two-band model [independently of the
fitting parameters used in Eq. (1)]: there is a linear field de-
pendence at low fields and a maximum around 30 T develops.
The negative MR at high fields becomes more pronounced the
lower the temperature and, in addition, a clear bump between
~ 35 and &~ 55 T appears. This behavior has been reported for
Kish and HOPG graphite and it was attributed to field-induced
phase transitions at T-dependent critical fields «(7) and
a'(T) (indicated by vertical arrows in Fig. 2) [4,6,9,12,13].
We further note that the overall MR decreases at T < 10K.
Also the absolute value of the resistance at high enough fields
steadily decreases, i.e., R (1.25 K, 60T) ~6Q < R (241 K,
60T) ~9Q (see Fig. S8 in Supplemental Material [36]).
This is attributed to the so-called reentrance to a metallic
state in the quantum limit, originally shown and discussed in
Ref. [40].

At low temperatures, a hysteresis in the MR emerges at
~ 12 T and vanishes at &~ 50 T, the MR being smaller at the
increasing field branch (see Fig. 2). The opening of a hys-
teresis at high fields was first mentioned by Takashi et al. [1]
and further discussed in Ref. [41] using data from a Tanzanian
natural graphite sample. We stress that such hysteresis in the
MR is observed only at low temperatures and only in thick
enough samples (see also Fig. 3). See Supplemental Material
[36] for more details on the mentioned hysteresis.
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FIG. 3. High magnetic field magnetoresistance MR of sample
MGO60 at different temperatures. The vertical arrows indicate the
critical fields «(7T) and o/(T) and the horizontal arrows refer to
the field sweep direction to emphasize the hysteresis observed only
at the lowest temperature. At all other temperatures the curves are
reversible in field within experimental resolution.

C. The magnetoresistance of the multigraphene samples
1. The magnetoresistance of the 60-nm-thick sample

We discuss the results of the thinner flakes. The MR
results of sample MG60 are plotted in Fig. 3. One can clearly
recognize the transitions at «(7') and /(7). In general, the
MR of this sample changes only slightly in the measured
temperature range and behaves qualitatively similar to the
bulk sample, in spite of two to three orders of magnitude
smaller sample width, length, and thickness (see Table I).
However, the MR is approximately two orders of magnitude
smaller than in the bulk sample. We note that the decrease
of the lateral size produces only a small reduction of the
MR, compared to the bulk sample [31]. This indicates that
the largest decrease of the MR is due to the decrease in the
thickness and consequently in the amount of interfaces, as has
been recently shown in a systematic study [20]. As in the bulk
sample, a clear negative MR starts to appear at fields above
~30 T and the field dependence is linear at low fields.

2. The magnetoresistance of the 45-nm-thick sample: First hints
for a vanishing of the high-field electronic transitions

Results of sample MG45 are plotted in Fig. 4. In contrast
to the previous samples, no evident field transition «(7) is
observed. At the lowest temperature we can recognize a o’
transition only. In the field range between 30 and 62 T and
increasing T we observe a change from a negative to a positive
MR. Note that the MR increases with 7', without any sign of
saturation at high fields, in clear contrast to the bulk sample.
The MR is reversible within experimental resolution.

3. The magnetoresistance of the 23-nm-thick sample: Huge
decrease of the overall MR and the vanishing of the high-field
electronic transitions

The results of the thinnest sample MG23 are shown in
Fig. 5. Its MR is overall much smaller than in the other
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FIG. 4. High magnetic field magnetoresistance MR of sample
MG45 (t = 45 nm) at different temperatures. The vertical arrow indi-
cates the critical field o’ (T = 1.78 K). The dashed line is calculated
from Eq. (1) to fit the high-field MR data at 74.20 K, for example,
although this equation is not really applicable due to nondiffusive
ballistic contribution (see text). Further, note the deviation of the data
from the expected H> dependence at fields below 5 T.

samples and, as in sample MG45, its MR increases with tem-
perature with no sign of saturation. As in the other samples,
at low enough 7' and fields above 30 T, a negative MR is
observed to 50 T. The MR of this sample shows only a smooth
feature between 40 and 50 T, i.e., where the high-field-induced
transitions were observed in the other samples, and at the
lowest temperature.

V. DISCUSSION

In what follows we provide an interpretation of the main
results. We note that due to the different, partially unknown,
parallel contributions to the MR (one from the interfaces,
which includes different types, and from the semiconduct-
ing layers [20,22,23]), the qualitative description we provide
below uses the fact that the interfacial contribution to the
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FIG. 5. High magnetic field MR of sample MG23 (r =
23 nm ~80 graphene layers) at different temperatures.
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FIG. 6. Magnetoresistance of all samples investigated in this
paper at the lowest temperature. The inset shows the SdH oscilla-
tions obtained at 7 = 5 K. The numbers beside the curves are the
multiplication factors to show the results in the same scale.

total conductance overwhelms the other two at 7 < 100K
[23]. However, its influence on the MR weakens with fewer
interfaces, as expected.

A. The main changes in the MR due to the decrease in the
number of interfaces

The fact that the field-induced transitions at the fields
a(T) and o/(T') systematically vanish the smaller the thick-
ness of the samples (for similar lateral sample dimensions)
indicates that these are not intrinsic of the ideal graphite struc-
ture. Taking into account previous galvanomagnetic studies
[19,20,22-24], their suppression is related to the smaller num-
ber of certain internal interfaces. Our results and interpretation
provide an answer to the absence of high-field electronic
phase transitions in certain graphite samples mentioned in
Refs. [9,15] as well as the scattering of the “critical fields”
data.

The vanishing of the field-induced transitions is accompa-
nied by a large decrease in the absolute MR in the whole field
range (see Fig. 6). The decrease in the MR by a factor ~700
between the bulk and MG23 samples is mainly related to the
decrease in the amount of interfaces.

The low-temperature MR curves in Fig. 6 suggest that the
field-induced transitions are superposed to a MR curve that
resembles that of the thinnest MG23 sample, i.e., the MR
increases linearly in field at low fields, it reaches a maximum
at 20 < uoH < 30T; and it shows a negative MR at 30 <
woH < 50T (see also Fig. 7). This fact added to the clear de-
viation from the expected two-band model behavior given by
Eq. (1) suggests that even the behavior of the thinnest sample
MG23 at low temperatures is not yet intrinsic of the graphite
ideal structure. As a further proof of this interpretation, we
note that the SdH oscillations measured in graphite samples
are not intrinsic but related to the electronic 2D systems
localized at certain interfaces [20]; these are observed in all
samples (see inset in Fig. 6).
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FIG. 7. Normalized resistance vs normalized magnetic field at
different constant temperatures of graphite MG45 and MG23 sam-
ples measured in this paper, with the normalization field factor at
resistance maximum of puoH* = 27.5 and 30 T at 11.83 and 2.3 K,
respectively; the granular superconductor Al/Ge from Ref. [52]
with uoH* >~ 2.3 T at 0.3 K; the organic layered superconductor k-
(BEDT-TTF),Cu(NCS), from Ref. [53] with uoH* ~ 2.8 Tat 1.7K
with the voltage measured parallel to the applied field; a granular
superconducting InO thin film from Ref. [54] with poH* ~2.4 T at
0.5 K; InO thin film from Ref. [55] with uoH* >~ 3.0 T at 0.38 K;
and boron-doped nanocrystalline diamond film with uoH* ~ 1.4 T
at 0.5 K (sample q, from Ref. [56]).

Note, however, the decrease of the amplitude of the SdH
oscillations (characterized by the first field derivative of the
MR) is more than ten times larger than the decrease in the
MR itself, suggesting that the MR of the graphite samples
results from contributions of different interfaces or different
regions within the same interfaces. A considerable amount of
extensive experimental work needs to be done to characterize
the contribution(s) of each kind of interfaces to the total MR.

B. Increase of the overall MR with temperature:
Influence of the ballistic regime

Earlier experiments in thin graphite samples with no or a
low number of interfaces showed that the mean free path of
the carriers within the graphene layers can be several microns
large [37], of the order of our sample lateral size. In this case
a ballistic, not the diffusive regime assumed in Eq. (1), should
be taken into account to understand the nonsaturation of the
MR at high fields observed in the MG45 and MG23 samples
(Figs. 4 and 5). The increase of the MR with temperature at all
fields, as in the thinner samples MG45 and MG23, is observed
because the carrier mean free path, of the order of the sample
lateral size, decreases with temperature [31,37].

C. Influence of granular superconductivity

Current-voltage characteristic curves and the obtained
Josephson-like critical current magnetic field response [42]
as well as Shapiro-steps-like behavior of annealed graphite
powders under radiation of 10 GHz [43] provided the first

hints for the existence of granular superconductivity at certain
regions of the graphite samples and at a surprisingly high
temperature of 300 K. Magnetization measurements done
in water-treated highly pure graphite powder [44] and in
bulk HOPG samples confirmed the granular superconductivity
behavior and its relation to the internal interfaces [45]. Hints
for high-temperature superconductivity in graphite flakes em-
bedded in alkanes were also reported [46]. The systematic
studies done in different graphite samples in recent years in-
dicate that certain interfaces in the graphite structure can have
granular superconducting properties in a broad temperature
range, i.e., from a few degrees Kelvin as in bilayer graphene
[32], # 3K in low grade HOPG samples [35], ~ 14K at
the surface of grafoil [47], up to =~ 150K in certain TEM
lamellas prepared from HOPG grade A [33], or above room
temperature in different HOPG, natural graphite, and finely
ground pyrolytic graphite samples [27,48]. For further reading
see Refs. [24,49,50] and references therein. We note also
that the transition observed in bilayer graphene [32] may
also indicate the existence of granular superconductivity as
was recently pointed out by one of the authors [51]. Fur-
thermore, the transitions shown in some of the other reports,
e.g., Ref. [33], do not represent the intrinsic superconducting
transition of the superconducting grains but the temperature at
which the Josephson coupling between the regions gets robust
enough to enable a large voltage drop at the input current
path.

In this section we would like to discuss to what extent the
high-field magnetoresistance provides some hints compatible
with the existence of granular superconductivity localized at
certain graphite interfaces of our samples. We propose that the
main behavior of the MR shown in Fig. 6, i.e., the linear MR
at low fields as well as the negative MR at 30 < uoH < 50T
(a key feature of the high magnetic field results), is due to
the magnetic field response of certain superconducting regions
localized at interfaces of the graphite samples and it is not
an intrinsic property of the ideal graphite stacking orders. We
compare below our MR data with those obtained in granular
superconductors at temperatures and fields below the critical
values and in one case above the critical field.

In Fig. 7 we show the normalized MR data of the thinnest
samples MG45 and MG23 at 11.83 and 2.3 K and include
the MR data of granular Al in a Ge matrix from Ref. [52],
obtained at 0.3 K. It is remarkable that the normalized MR
data of our MG45 and MG23 samples are practically identical,
pointing to a common origin. The MR data of granular Al/Ge
show a linear field dependence at low fields and a clear
negative MR in a field range comparable (in normalized units)
to that of the graphite samples. In the case of granular Al/Ge
the field at which the negative MR region ends is considered
as the upper critical field of the superconducting grains at
woHe (0.3 K) >~ 4.5T. In the case of the insulatinglike gran-
ular InO thin films [54,55] and boron-doped nanodiamond
film [56], a similar behavior is observed (i.e., a linear increase
with field below the maximum and a clear negative MR above
it) although the negative MR field range has a larger normal-
ized field extension. Note that in all granular superconducting
examples and whether or not there is percolation (i.e., zero or
finite resistance at zero field) the MR increases linearly with
field (see Fig. 7).
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The interpretation of the whole field behavior of the MR
of granular superconductors can be divided into three field
regimes. At fields below the maximum of the MR, the MR
increases linearly with field due to the influence of the field on
the Josephson coupling between the superconducting regions,
i.e., a linear-in-field decrease of the total coupled regions.
When the number and/or size of the superconducting regions
increases, the increase with field of the MR gets more signifi-
cant, as it is observed the lower the temperature. The linear-in-
field behavior of the MR (at low fields) turns to a quadratic one
the higher the temperature (see, for example, Figs. 2 and 4).
The reason for this change is the overwhelming contribution
of the semiconducting paths to the total conductance the
higher the temperature, and not necessarily due to a change of
the behavior of the interfaces themselves. Future experiments
should try to measure the contribution of the interfaces to the
MR, contacting them at the edges, as done in Ref. [33], reduc-
ing partially the relative contribution to the total conductance
of the semiconducting regions in parallel. In this case we may
have the possibility to check whether the MR behavior of the
interfaces (represented by the normalized curves of samples
MG45 and MG23 in Fig. 7) is still observable above 100 K.

We note that the maximum in the MR shows larger val-
ues of the resistance than in the normal state at the same
temperature, which is reached at high enough fields. This
fact as well as the negative MR observed above the maxi-
mum were explained in terms of granular superconductivity
[52,55-57]. At sufficiently high magnetic fields Cooper pair
transfer between the Josephson-coupled regions is suppressed
and single-particle tunneling sets in. The negative MR is
interpreted therefore as due to the reduction with field of the
resistance between the superconducting regions. This happens
when superconducting fluctuations (in terms of virtual Cooper
pairs) affect the density of states of the tunneling quasiparti-
cles. In other words the intragrain superconducting fluctuation
affects the intergrain conductivity, producing a reduction of
the total resistance at high enough fields. The differences in
the behavior depicted by the normalized curves of Fig. 7 may
be related to differences in grain size, grain coupling, and
temperature.

The effect of superconducting fluctuations above the crit-
ical temperature and field have been studied in detail in
recent years (see Ref. [58] and references therein). As an
example, we include in Fig. 7 the MR data obtained from the
layered organic superconductor k-(BEDT-TTF),Cu(NCS), at
1.7 K with the theoretical line given in Ref. [53]. One main
difference with respect to the other data shown in that figure
is that the MR follows a quadratic instead of a linear field
dependence at low fields. The theory [53], therefore, is only
applicable in the normal state of a granular superconductor.

From all the evidence obtained during the last years in
graphite, it is plausible to assume that the temperatures where
the maximum in the MR is observed are below the critical
temperature of the superconducting grains. We assume that
the field at which the negative MR ends (in Al/Ge that
would be ~1.8 times the field at the maximum MR) can be
considered as a field near the critical field, i.e., woH(0) =
60T for the superconducting 2D regions at certain interfaces
of graphite. Finally, we note that the MR oscillations periodic
in field and the behavior under a bias voltage recently reported
in thin graphite samples [8] were already observed earlier and
their origins are also related to the existence of 2D interfaces
and granular superconductivity [59,60].

VI. CONCLUSION

Magnetoresistance measurements of graphite samples of
different thickness in a wide temperature and field range in-
dicate that the reported field-induced electronic phase transi-
tions are not intrinsic of the ideal graphite structure but related
to 2D electronic systems localized at certain interfaces formed
between the crystalline regions, commonly found in graphite
samples with thickness above a few tens of nanometers. Our
conclusion is also supported by the thickness dependence
observed in other galvanomagnetic characterizations. We en-
courage the scientific community to revise the theoretical
interpretations of the high-field transitions published in the
past and to take into account explicitly the different kinds of
possible interfaces graphite samples have.
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