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A B S T R A C T

In spite of 40 years of experimental studies and several theoretical proposals, an overall interpretation of the
complex behavior of the magnetoresistance (MR) of multilayer graphene, i.e. graphite, at high fields (𝐵 ≲ 70 T)
and in a broad temperature range is still lacking. Part of the complexity is due to the contribution of stacking
faults (SFs), which most of thick enough multilayer graphene samples have. We propose a procedure that
allows us to extract the SF contribution to the MR we have measured at 0.48 K ≤ 𝑇 ≤ 250 K and 0 T ≤ 𝐵 ≲
65 T. We found that the MR behavior of part of the SFs is similar to that of granular superconductors with
a superconducting critical temperature 𝑇𝑐 ∼ 350 K, in agreement with recent publications. The measurements
were done on a multilayer graphene TEM lamella, contacting the edges of the two-dimensional SFs.
1. Introduction

The recent discovery of superconductivity in twisted bilayer
graphene [1,2], a stacking fault in itself, in trilayer graphene moiré
superlattice [3] as well as in rhombohedral stacking order [4] at 𝑇 <
5 K supports the assumption that the origin of the ‘‘hidden supercon-
ductivity" reported in several bulk and mesoscopic graphite samples in
the last 50 years [5–9], is related to the existence of two-dimensional
stacking faults (SFs). Because these SFs are embedded in a multilayer-
graphene matrix with a Bernal (2H) or rhombohedral (3R) stacking
order, they can play a main role in the measured transport properties.
Previous studies demonstrated that SFs, like twisted graphene layers,
are common in well-ordered graphite samples [10–12]. Therefore,
flat bands regions are expected to be found in bulk and mesoscopic
graphite samples at certain SFs, where superconductivity at low and
high temperatures is predicted [13–17]. Experimental evidence for
the existence of a flat band has been reported for the 3R stacking order
by scanning tunneling microscopy (STM) in Refs. [18–20] and by angle-
resolved photoemission spectroscopy (ARPES) experiments near the 𝐾
point in Ref [21].
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2 Current address: Goldschmidtstrasse 21, 04103 Leipzig, Germany.

The tuning of superconductivity in mesoscopic bi- and trilayers
graphene samples through the fabrication of regions with well-defined
twist angle, added to the possibility of contacting directly the super-
conducting region, are clear advantages with respect to experimental
studies in bulk or mesoscopic graphite samples. Although the existence
of a large number of SFs can be recognized by Scanning Transmis-
sion Electron Microscopy (STEM) and X-rays Diffraction (XRD) analy-
sis [22], the twist angle distribution remains largely unknown in thick
multilayer graphene samples. However, there are some advantages in
the study of the behavior of the SFs in well-ordered multilayer graphene
or graphite samples. One of them is that SFs of very large areas (several
100’s of μm2) with high degree of lattice order can be found well
shielded from environmental influence. Another advantage is that thick
enough samples can have up to ∼25% of the 3R stacking, in addition
to the main 2H-type stacking [23,24]. The SFs between untwisted 2H
and 3R crystalline regions are expected to have high superconducting
temperatures [13–16]. This kind of SF has not yet been produced
in a controllable way. On the other hand, if superconductivity is
located at certain regions of such large SF areas, we expect to have
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granular and not homogeneous superconductivity, i.e. Josephson cou-
pled superconducting regions of several tens of μm2 each.

Which is the experimental evidence for the existence of super-
onductivity at certain SFs in multilayer graphene? For example, the
esults presented in Ref. [25] showed that contacting the edges of the
Fs one is able to measure Josephson-like 𝐼–𝑉 characteristics with a
‘zero" resistance range below a certain temperature-dependent critical
urrent. The obtained critical temperatures, or the temperatures below
hich a percolation exists in a certain region of the tested SFs, depend
n the prepared sample. In Ref. [26] a quantitative and qualitative
omparison between one of the samples published in Ref. [25] and
ne of the bilayer twisted graphene published in Ref. [1] has been
one. This comparison leaves no doubt about the origin of the observed
uperconductivity. Further experimental evidence of the last 20 years
uggesting the SFs as the main origin for the superconducting as
ell as the metallic-like behavior of graphite samples are reviewed

n Refs. [9,27,28]. Because the ideal graphite matrix is a narrow-gap
emiconductor and the SFs not necessarily are at the near surface
egion of a macroscopic sample, a simple check of the influence of
he SFs on the transport is to measure the resistance with electrodes
t the top and at the edges. The obtained results in Refs. [29,30] show
learly the influence of the SFs on the transport properties. Double-
all carbon nanotubes can be taken as a material with some similarities

o twisted bilayer graphene samples. It is therefore worth to note that
ouble-wall carbon nanotubes can show superconductivity with critical
emperatures ranging from ∼3 K to ∼20 K [31–33].

Our research covers the study of the low and very high field behav-
or of the magnetoresistance (MR) of the SFs in multilayer graphene
xtracted from the measured MR with the help of a procedure we de-
eloped. The results clarify several open questions on the interpretation
f the MR of graphite and indicate the existence of superconducting
egions with an upper critical temperature of ∼350 K.

. Methods and sample

We have prepared a multilayer graphene transmission electron mi-
roscope (TEM) lamella of dimensions 20 μm × 5 μm × 0.6 μm, with
he width in the 𝑐-axis direction. The sample was prepared from a
ighly oriented pyrolytic graphite (HOPG grade A) bulk sample using a
imilar procedure as in [25], and investigated the transport properties
t low- and high-fields (applied parallel to the 𝑐-axis) in a broad
emperature range. The internal structure and the existence of SFs can
e seen in the TEM images published for samples of the same batch
n Refs. [28,34,35]. High resolution XRD results published in Ref. [36]
evealed the existence of the 3R stacking order together with the main
H phase.

The lamella was fixed on a substrate combining electron beam
ithography with SiN𝑥 deposition covering part of the sample surface.
fterwards, the lamella was inductively etched with a plasma reactive

on etching system (ICP-RIE) to take out the disordered graphite layer
ormed during the milling process. Four electrodes were prepared with
lectron beam lithography and depositing Cr/Au, see the sample optical
mage in the inset of Fig. 2(b). The sample electrical resistance at
00 K was 7.44 Ω. As we show below, such a TEM lamella with the
raphite 𝑐-axis parallel to the substrate provides the best way to get
he SFs contribution to the total electrical resistance by contacting their
dges. Considering the width (in the 𝑐-axis direction) of the sample
nd the corresponding STEM images in samples from the same batch,
ee Refs. [22,25], the number of SFs is significant. Therefore, our
lectrical voltage contacts pick up the response of several of them; the
urrent input is distributed through all SFs. In this way, we expect to
et the superconducting response of the SFs with the highest critical
emperature.

For measurements at 2 K ≤ 𝑇 ≤ 300 K and DC magnetic fields
≤ 7 T we used a 4He cryostat, prior to the high field pulsed mea-

urements. These last measurements were performed at the National
463
igh Magnetic Field Laboratory’s Pulsed Field Facility (NHMFL-PFF)
t Los Alamos National Laboratory (LANL) [37]. The measurements
ere done in a cryostat with a temperature range 𝑇 = 0.45 K to
50 K, equipped with a 65 T multi-shot magnet, powered by a 32 mF,
MJ capacitor bank with a pulse duration of ∼70 ms [38,39]. Most of

the experiments were performed with pulses of 60 T. An alternating
current of 12 μA amplitude was applied to the sample at a frequency
of 50.5 kHz. The voltage was measured with a 20 MHz sampling rate.
The field was always normal to the graphene planes and the SFs.

3. Results and discussion

Electrical transport measurements under high magnetic fields (𝐵 >
10 T) performed in bulk and millimeter long multilayer graphene
samples were reported in the last 40 years [40–43]. The observed
behavior of the MR of those samples is complex and non-monotonous
in field. Several interpretations were proposed, namely: fluctuations of
charge density waves [44,45], magnetic freeze-out of carriers [46], 3D
quantum Hall effect through the appearance of chiral surface states [42,
47], the emergence of an excitonic BCS-like state [43], the appearance
of an insulating surface states that carry no charge or spin within the
planes [48], magnetic catalysis scenario [49–51], to cite a few of them.
However, none of those studies considered the parallel contributions of
at least two subsystems in graphite [35,52], i.e., the MR of the SFs and
the one from the graphite matrix with mostly Bernal stacking order.

The incorrect interpretations of the transport, as well as the mag-
netization properties of graphite found in several early reports, relied
on the assumption of electrically homogeneous samples. The lack of
TEM or STEM characterization with the electron beam parallel to
the graphene planes necessary to get an evidence of the existence
of SFs, impeded in the past a timely development of the physics
of graphite and of its SFs. One prominent example is the common,
incorrect assumption that graphite is a semimetal with a finite Fermi
surface at low temperatures. Systematic transport studies as a func-
tion of the thickness of graphite samples proved, however, that the
SFs substantially contribute to the electrical transport and are at the
origin of Shubnikov-de Haas (SdH) (or de Haas-van Alphen in the
magnetization) quantum oscillations [30]. The vanishing of the SdH
oscillations amplitude the smaller the thickness of the graphite samples,
maintaining their high structural ordering, was recognized already at
the beginning of 2000 without providing a clear interpretation of this
behavior [53,54]. The change in the temperature and field dependence
of the electrical transport as a function of the graphite sample thickness
already indicated that the metallic like behavior vanishes when the
thickness of the sample is smaller than the average distance between
the SFs [34], which for the HOPG sample we used in this study
means a length in the 𝑐-axis direction of less than ∼30 nm. From
different characterizations [19,35,52,55,56] we know nowadays that
the intrinsic properties of ideal graphite, i.e. without SFs, are compatible
with those of a narrow band semiconductor, not a semimetal and a
finite Fermi surface does not exist at low temperatures. Stacking faults
with superconducting behavior can be also found in mesoscopic and
bulk samples, see [22] and Refs. therein.

The temperature dependence of the resistance at 𝐵 = 0 is shown in
ig. 1(a). The resistance 𝑅(𝑇 ) increases with temperature to 𝑇 ≃ 165 K,

decreasing at higher 𝑇 . This is one possible behavior of 𝑅(𝑇 ) for bulk
and thick flakes of graphite reported in the literature [35,52]. The red
line in Fig. 1(a) is a fit to a parallel resistance model given by the
contribution of the SFs 𝑅i(𝑇 ) and of the main ideal graphite matrix
𝑅2H(𝑇 ) [35]:
1

𝑅(𝑇 )
≃ 1

𝑅i(𝑇 )
+ 1

𝑅2H(𝑇 )
, (1)

where 𝑅 is the total sample resistance (see Refs. [35,52] for the full
expression). 𝑅i(𝑇 ) has an increasing with temperature contribution
given by an exponential function of the form 𝑅 (𝑇 ) ∝ exp(−𝐸 ∕𝑘 𝑇 ).
i a B
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Fig. 1. (a) Temperature dependence of the electrical resistance of the TEM lamella at
𝐵 = 0 T. The open circles represent the experimental data and the red line a fit to
Eq. (1). The inset shows the MR at different constant temperatures at fields between
𝐵 ± 7 T. (b) Temperature dependence of the resistance at different magnetic fields.

The thermal activation energy 𝐸a ≃ 3 meV is obtained from the fit. We
note that this temperature dependent behavior is expected for granular
superconductors according to Refs [57–60]. The value of the activation
energy 𝐸𝑎 is similar to the one obtained from similar fits in eleven
(11) graphite samples with different thickness [52]. The origin of this
thermally activated behavior can be understood on the basis of the
Langer–Ambegaokar–McCumber–Halperin (LAMH) model [58,59] for
narrow superconducting channels in which thermal fluctuations can
cause phase slips. The reason for the magnitude of the activation energy
𝐸𝑎, however, remains still open.

The narrow-gap semiconducting contribution of the 2H matrix can
be approximated as 𝑅2H(𝑇 ) ∝ exp(𝐸𝑔,2H∕(2𝑘B𝑇 )) with an energy gap
𝐸𝑔,2H ≃ 52 meV obtained from the fit. All fit parameters are similar
to those reported in the literature [35,52]. From measurements of
the temperature dependence of the resistance of graphite samples with
thickness between 35 nm and 6000 nm [52], the obtained values of the
energy gap for the 2H and 3R stacking orders do not depend on the
sample thickness within the given thickness range and experimental
error. The parameters obtained from the fits shown in this work,
emphasize that the measured sample is representative. Due to its small
amount, we neglect the semiconducting parallel contribution of the 3R
matrix to the total 𝑅(𝑇 ). We note that the excellent fits of 𝑅(𝑇 ) obtained
for graphite samples of different thickness using the parallel resistance
model and those exponential terms is not obtained by replacing them
with 𝑇 𝑛 or other dependencies found in the literature [52].

The inset in Fig. 1(a) shows the magnetoresistance defined as MR
= (𝑅(𝐵) −𝑅(0))∕𝑅(0) measured at different constant temperatures with
magnetic fields between ±7 T. At 𝑇 ≤ 25 K, SdH oscillations are
detected with the main period in 𝐵−1 of 0.21 T−1 in agreement with
the literature. From this period we estimate a 2D carrier density 𝑛2D ≃
2.3 × 1011 cm−2 at certain SFs that originate the SdH oscillations [30].
Fig. 1(b) shows the 𝑇−dependence of the electrical resistance of the
lamella at different magnetic fields. The sample shows the typical re-
entrant metallic behavior at 𝐵 ≳ 1 T and 𝑇 < 100 K reported for bulk
graphite samples [61].

Fig. 2(a) shows the absolute value of the electrical resistance of
the lamella vs. magnetic field at different temperatures. The electronic
transitions 𝛼 (↓) and 𝛼′ (↑) are clearly recognized at 𝑇 < 10 K in the field
range 30 T < 𝐵 < 55 T. Fig. 2(b) shows the 𝑇−dependence of the field
𝐵max at which the MR shows a maximum, see Fig. 2(a). We found that
𝐵max remains 𝑇−independent at 𝑇 ≲ 25 K. Above this temperature 𝐵max
increases. This behavior is in very good agreement with that reported
several times in the last 40 years [40,41,43,48,62,63]. In particular,
the behavior of 𝐵 (𝑇 ) was explained on the basis of the magnetic
464

max
Fig. 2. (a) Pulsed magnetic field dependence of the resistance at different constant
temperatures. The arrows point out the fields at the electronic phase transitions in
graphite observed at 𝑇 < 10 K. (b) Field 𝐵max where the MR has its maximum (see (a))
vs temperature. The red dashed line is a guide to the eye. The inset shows an optical
image of the sample with its contacts and substrate.

catalysis model [50]. From all the measured data we conclude that this
TEM lamella shows all the characteristics of the electrical resistance
and magnetoresistance of bulk graphite samples. We provide below an
interpretation of the observed behavior.

We will extract first the SF resistance 𝑅i(𝑇 , 𝐵) from the measured
𝑅(𝑇 , 𝐵) data. For that we rewrite Eq. (1) at a constant temperature as:

𝑅i(𝐵) = 𝑅(𝐵)∕[1 − (𝑅(𝐵)∕𝑅2H(𝐵))]. (2)

The MR of the 2H contribution can be described by the two-band
model (TBM) appropriate for semiconductors and derived under the
Boltzmann-Drude quasi-classical diffusive approach [23]. As empha-
sized above, the transport properties of ideal graphite (without SFs)
match the ones of a narrow-band gap semiconductor. Therefore, we ap-
proximate the field-dependent resistance related to the semiconducting
2H-contribution as:

𝑅2H(𝐵) ≃ 𝑅2H(0) ⋅

⎡

⎢

⎢

⎢

⎢

⎣

1 +
𝜇2𝐵2

(

1 − 𝛥𝑛2

𝑛2

)

1 + 𝜇2𝐵2
(

𝛥𝑛2

𝑛2

)

⎤

⎥

⎥

⎥

⎥

⎦

, (3)

where we have assumed equal mobility for both electrons and holes
(𝜇 = 𝜇𝑒 ≈ 𝜇ℎ), and 𝛥𝑛∕𝑛 = (𝑛𝑒 − 𝑛ℎ)∕(𝑛𝑒 + 𝑛ℎ) is the relative charge
imbalance between electron 𝑛𝑒 and hole 𝑛ℎ carrier densities.

The simplified expression of Eq. (3) has only two adjustable fitting
parameters: the average mobility 𝜇 and the relative charge imbalance
𝛥𝑛∕𝑛; 𝑅2H(0) is a fixed parameter obtained from the fit in Fig. 1(a).
Eq. (3) provides two key features of the MR of the semiconducting
contribution, namely, the 𝐵2 field dependence at low fields and its
saturation at high enough fields.

Replacing Eq. (3) in Eq. (2), we obtain 𝑅i(𝐵) plotted in Fig. 3(a). The
results indicate that at 𝑇 < 25 K, 𝑅(𝐵) ≃ 𝑅𝑖(𝐵) because the semicon-
ducting contribution becomes negligible, i.e. (𝑅2H(𝐵, 𝑇 )∕𝑅(𝐵, 𝑇 ))|𝑇<25K
≫ 1. We further note that 𝑅i(𝐵) shows a maximum at 𝐵′

max ≃ 18 T,
which does not depend significantly on 𝑇 within error, see Fig. 3(b).
These results indicate that the temperature shift of 𝐵max(𝑇 ) in the
MR, see Fig. 2(b), is an artifact caused by the growing influence at
𝑇 > 25 K of the semiconducting contribution 𝑅2H(𝐵) in parallel to
the SFs one. Regarding the parameters used, the charge imbalance
between electrons and holes was assumed to be temperature and field
independent 𝛥𝑛∕𝑛 = 0.05. The only free parameter left is the mobility
𝜇(𝑇 ), which decreases with temperature (see inset in Fig. 3(b)). The
temperature dependence of the mobility obtained from our fits is in
qualitative agreement with the behavior found in the literature [64–
66]. We note, however, that we neglect a ballistic contribution within
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Fig. 3. (a) Field dependence of the SF resistance 𝑅i(𝐵), calculated using Eq. (2), at
ifferent constant temperatures. (b) 𝐵′

max vs temperature obtained from (a). The inset
hows the temperature dependence of the carrier mobility.

he graphene layers of graphite, always present in micrometer large
raphite samples [66]. It affects mainly the absolute value of the
obility obtained from the fitting to the diffusive part (Eq. (3)).

The MR of the SF (𝑅i(𝐵)) plotted in Fig. 3(a), resembles the one
bserved in granular superconductors, like granular Al in a Ge matrix or
nO films [67–69]. In particular, it shows a linear increase with field at
ow fields and decreases at fields above a certain field. The explanation
or the linear increase with field discussed in the literature is based on
he influence of the field in the Josephson coupling between supercon-
ucting regions or in our case 2D regions (or ‘‘grains’’) at some SFs. The
igher the field, the larger is the number of uncoupled superconducting
egions and the resistance increases linearly. After a maximum number
f independent regions is reached at 𝐵 ∼ 𝐵′

max, a higher field increases
he density of states inside those regions, increasing the probability of
aving Cooper pairs and the resistance starts to decrease with field.
n this field range, the intragrain superconducting fluctuations affect
he intergrain conductivity reducing the total resistance. This appears
o be a general behavior in granular superconductors, see Fig. 7 in
ef. [56] and Refs. therein. We expect therefore that the field at which
i(𝐵) starts to saturate can be considered as a critical field 𝐵c2. This

appears to be the case at a field 𝐵 ≃ 𝐵𝑐2 ∼ 50 T ∼ 3𝐵′
max at

< 10 K, see Fig. 3(a). However, we expect that 𝐵c2 decreases with
emperature, which is not clearly observed in 𝑅i(𝐵) of Fig. 3(a) at
≳ 10 K. The absence of a clear saturation at high temperatures and

ields could be due to superconducting fluctuations, which in granular
uperconductors are expected to persist up to very high fields and
emperatures [69].

Fig. 4 shows the normalized 𝑅i(𝐵) vs the normalized magnetic field
t different temperatures. We note that the higher the temperature the
maller is the decrease of the resistance with field at 𝐵 > 𝐵′

max. This
s expected because the number and/or size of the superconducting
egions inside the SFs should in this case decrease. Therefore, at the
ighest critical temperature 𝑇c of the superconducting grains, there
hould not be a decrease with field of 𝑅i(𝐵). At 𝑇 ≥ 𝑇𝑐 we expect a MR
ehavior similar to the semiconducting matrix, approximately given by
he TBM, see Fig. 4.

Together with the similarities of our results to those of granular
uperconductors, let us emphasize here why we expect to have granular
uperconductivity at certain SFs and not a homogeneous state. Granular
uperconductivity occurs because the flat bands formed at the 2D SFs
re not homogeneous in areas more than a few tens of micrometer
quare. This is obvious if we take into account the STEM evidence
bout the order or disorder that usual graphite samples have. Not
nly the perfection of a 2D SFs in the corresponding plane is an
ssue but also, e.g., the flat bands can be affected by the number of
deal graphene layers on both side of the interface. In addition, the
465
Fig. 4. Normalized SF contribution 𝑅′
i vs normalized magnetic field at different

constant temperatures. The dotted curve is the normalized MR obtained using the TBM,
see Eq. (3).

graphene layers are not ideal over the sample, but have boundaries
that restrict the homogeneous regions. This is a fact that is simple to
recognize from STEM images taken at energies ∼30 keV. The granular
nature was already shown to be highly likely in several reports, as
for example [25,70,71]. At low enough temperatures and currents
in the nA region, 𝐼–𝑉 curves indicate indeed a Josephson behavior
nd zero resistance within error [25]. Even the reported transition
n twisted bilayer graphene mesoscopic samples does not appear to
ehave as a homogeneous but as a granular superconductor, as a direct,
uantitative comparison between those results and the ones obtained in
raphite TEM lamellae indicates [26].

The proposed interpretation of the MR of the SFs in terms of
osephson-coupled superconducting regions at certain interfaces or
Fs, implies that at a fixed field the temperature dependence of the
esistance should be compatible with the one expected for 2D gran-
lar superconductors. An analytical expression for the resistance of
his 2D system within the effective medium approximation has been
btained in [60]. In particular, at fields near the critical field or at high
nough temperatures the resistance between superconducting grains
eaches a critical resistance 𝑅𝐽𝐶 (𝑇 ), which self-consistent solution (see
ig. 3 in [60]) follows nearly a ln(𝑇 ∕𝑇𝑐 ) at 𝑇 ∕𝑇𝑐 > 0.2, indepen-
ently of the value of the assumed charging energy. We compare
ualitatively this prediction with the difference between the normalized
esistance in the normal state 𝑅′

n and the normalized SF resistance
𝑅′

i = 𝑅i(𝐵)∕𝑅i(𝐵′
max)) from Fig. 4, 𝛥𝑅 = 𝑅′

n − 𝑅′
i at 𝐵∕𝐵′

max = 2.8 and
. The difference 𝛥𝑅 follows a ∼ ln(𝑇 ∕𝑇c) at high enough temperatures
nd a critical temperature 𝑇c = (351±20) K is obtained by extrapolation
o 𝛥𝑅 = 0, see Fig. 5. Interestingly, this 𝑇c agrees with the one suggested
y different transport, magnetization [36,72,73] and magnetic force
icroscopy [74,75] measurements in different, well ordered natural

raphite samples. At lower 𝑇 , the behavior of 𝛥𝑅(𝑇 ) is affected by
he transition to the normal state or by the electronic transitions, see
ig. 4, preventing a comparison with the predicted 𝑅𝐽𝐶 (𝑇 ) in the whole
emperature range.

Temperature and field hysteresis of the magnetization at different
pplied magnetic fields and temperatures measured in similar HOPG
amples, as the one used to prepare our TEM lamella, were published in
efs. [36,70], for example. In particular the difference vs. temperature
etween field cooled and zero-field cooled magnetic moment (where
he huge diamagnetic background is automatically subtracted) indi-
ates the existence of a similar critical temperature as the one obtained
rom the extrapolation in Fig. 5. The results in Ref. [70] show that a
ample extracted from a HOPG sample with no or much lower density
f SFs, shows no temperature and field hysteresis within experimental
rror, supporting the hypothesis that superconductivity is localized at
he SFs.
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. Conclusion

The MR of a multilayer graphene TEM lamella shows a temperature-
ependent maximum at 𝐵max(𝑇 ), which increases with temperature

in agreement with earlier measurements of large graphite samples.
Assuming that the MR is given by the parallel contribution of a semi-
conducting graphite matrix and of the stacking faults, we were able to
extract the MR of this last in a broad temperature and magnetic field
ranges. Our results indicate that the observed temperature dependence
of 𝐵max(𝑇 ) is an artifact due to the increasing contribution of the
semiconducting graphite matrix with temperature. The extracted stack-
ing fault MR shows several features compatible with those found in
granular superconductors. The extrapolated maximum superconducting
critical temperature of ∼350 K for the superconducting regions at the
tacking faults is in agreement with recent reports.
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