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The magnetoresistance of conductors usually has a quadratic
dependence on magnetic field!, however, examples exist
of non-saturating linear behaviour in diverse materials®®.
Assigning a specific microscopic mechanism to this unusual
phenomenon is obscured by the co-occurrence and interplay of
doping, mobility fluctuations and a polycrystalline structure’®,
Bilayer graphene has virtually no doping fluctuations, yet
provides a built-in mosaic tiling due to the dense net-
work of partial dislocations®'°. We present magnetotransport
measurements of epitaxial bilayer graphene that exhibits a
strong and reproducible linear magnetoresistance that persists
to B=62T at and above room temperature, decorated by
quantum interference effects at low temperatures. Partial
dislocations thus have a profound impact on the transport
properties in bilayer graphene, a system that is frequently
assumed to be dislocation-free. It further provides a clear and
tractable model system for studying the unusual properties of
mosaic conductors.

Although most real materials exhibit a quadratic
magnetoresistance (MR), linear MR has been observed, even
at room temperature, in conductors as varied as three-dimensional
(3D) silver chalcogenides, semiconductors, topological insulators,
and 2D multilayer graphenes>*!'"'*. Several theories have been
developed seeking a general explanation of this phenomenon. A
classical mechanism is suspected that mixes the transverse Hall
resistance, which is linear in magnetic field, into the longitudinal
resistance'. In particular, inhomogeneities may allow local Hall
currents that in turn modify the potential landscape. The most
rigorous model to treat this local Hall current map is that introduced
by Parish and Littlewood (PL) in 2003, which represents the material
as a mosaic of four-terminal interconnected conductive discs. This
model has been invoked to explain linear MR in a number of
experimental contexts. Nevertheless, an experiment which links
the essence of this insightful but simple model to a real material is
still lacking.

To make a conceptually clear experiment in the spirit of
PL it is first advantageous to treat a 2D system. Not only is
magnetotransport an essentially 2D phenomenon, but also the
mosaic nature may then in principle be entirely imaged. An
essential requirement for a clear experimental realization of the PL
model is a material for which the mosaic grains possess negligible
internal structure—that is, a constant charge density, mobility
and weak magnetoresistance. Furthermore, the granular structure

and interconnect topology should be fully characterized. For such
an experiment, bilayer epitaxial graphene is an ideal choice as
it combines two-dimensionality with fixed charge density (due
to the epitaxially defined substrate’®) and a room-temperature
magnetoresistance expected to be weak'®. Recently, we have
discovered that epitaxial bilayer graphene, despite being a conductor
with a good overall mobility, is threaded by a dense network of well-
characterized partial dislocations™. It turns out that it is the perfect
realization of a granular material for a test of the PL model. Its
simplicity can be contrasted with previous experimental studies in
which linear MR was observed and a connection to the PL model
was made. This includes studies on polycrystalline semiconductors'”
and silver chalcogenides®*, where the influence of significant charge
density fluctuations, mobility fluctuations, and the all-important
granular structure can barely be separated. Nevertheless, the state-
of-the-art understanding makes a specific choice and links linear
MR to mobility fluctuations®'>'>"” (a point focused on in the
original PL papers), neglecting the crucial role played by material
granularity. Indeed, in our material the very concept of a distribution
of individual segment mobilities is not physically defined, as the
mean free path of ~50nm is comparable to the grain size (see
Supplementary Information). The present experiment, therefore,
takes the opposite direction, in that the grain shape is the only
remaining degree of freedom that provides inhomogeneities.

Linear MR has been observed in multilayer graphene, where it
was (incorrectly) assigned to a quantum magnetoresistance effect'®
in the extreme quantum limit", and in exfoliated bilayer graphene
flakes in a limited field region®. The present study on epitaxial
bilayer graphene goes far beyond these experiments. It shows a
strong and fully reproducible linear MR up to the highest fields, and
a convincing assignment to a mosaic-like conductor.

For the investigation of intrinsic charge transport in graphene,
it has been a good strategy to investigate large-area samples.
In this way, the strong influence of edge effects and universal
conductance fluctuations (UCF) that often dominate the MR in
small flakes may be avoided. As a consequence, a nearly complete
quantitative understanding of both the temperature-dependent
parabolic MR below the quantum limit, as caused by electron—
electron interaction (EEI) and weak localization (WL), has been
obtained in monolayer graphene'®.

In this paper, we consider bilayer graphene, more specifically
hydrogen-intercalated epitaxial bilayer graphene on SiC(0001)
(refs 21,22) (eBLG) with a charge carrier density of
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Figure 1| Experimental data of linear MR. a, In large-area bilayer graphene (the scanning electron micrograph (SEM) of a Hall bar is shown in the inset,
together with a close-up that shows mainly bilayer, but also trilayer strips as darker shaded areas), a strong linear MR contribution appears in addition to
the temperature-dependent WL and EEI corrections similarly observed in monolayer graphene. b, MR measured in pulsed magnetic fields, showing
non-saturating linear behaviour up to 62 T at room temperature, with quantum deviations at lower temperatures (data have been vertically shifted by 20
for better visibility). ¢,d, A smaller, pure bilayer sample exhibits linear MR and further periodic quantum interference fluctuations at low temperatures (c),
the Fourier spectrum of which shows a correlation field of B. =0.55T, indicated by the arrow (d). Inset in d is a SEM image of the sample showing the

absence of trilayer areas.

p~7x10"% cm™. On first sight, one would expect very similar
behaviour in this material®. Surprisingly, the MR is qualitatively
different: Fig. la shows data of the MR p(B, T) for eBLG. Apart
from the WL correction in small fields B <0.5T, the expected
parabolic Apgg(B) appears, the curvature of which is temperature
dependent'. In addition, a linear Apy;, (B) occurs, which is the main
topic of this manuscript. Figure 1b shows measurements of p(B)
in a pulsed magnetic field experiment, with fields up to B=62T.
The most striking findings are: the linear MR does not saturate up
to the highest fields and the linear MR is essentially temperature
independent, which suggests a classical mechanism. Consequently,
we focus on the conceptual framework of PL (ref. 7), based on a
mosaic-like sample. For identification of the tiling, a closer look at
the structure is mandatory.

When comparing monolayer with bilayer graphene, there is one
structural property present in bilayer graphene the importance of
which has been discussed only very recently: the twofold degeneracy
with respect to stacking. Bilayer graphene is Bernal stacked, which
leaves two possibilities, typically referred to as AB and AC stacking.
Although the two resulting structures are equivalent and result
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in the same electronic properties”, the interface lines between
the two, termed ‘partial dislocations™ or ‘strain solitons”®, act as
scattering lines, which will be shown below. Partial dislocations
are ubiquitous in bilayers and have remarkable impact at the
charge neutrality point, resulting in overall insulating behaviour™.
In the given material, eBLG, dense dislocation networks have been
observed recently by dark-field transmission electron microscopy
(TEM; ref. 10) after removing the SiC substrate®. Figure 2a shows a
superposition of three distinct dark-field TEM images exhibiting a
real partial dislocation network, taken from ref. 10, in which Bernal-
stacked areas range from almost regular to highly distorted triangles.

To investigate the scattering properties of these partial
dislocations we have performed calculations using an effective
Dirac-Weyl approach in which the dislocation network enters
as an off-diagonal effective field S(r) in a 4 x 4 Hamiltonian, in
which the diagonal 2 x 2 blocks contain the Dirac-Weyl operators
of each layer®. We choose S(r) to represent the partial dislocation
array shown in Fig. 2b, which represents a micrometre-sized cutout
of the TEM image of Fig. 2a. The line colour identifies the three
distinct partial dislocations with their corresponding Burgers
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Figure 2 | From network structure to linear MR. a, Partial dislocation
network in a bilayer membrane originating from epitaxial graphene on
SiC(0001). The image shows a composite (or superposition) of three
dark-field TEM images, taken with the three {1120} reflections, such that
the full network of partial dislocations is revealed, providing the mosaic
tiling of bilayer graphene. b, Partial dislocation network in which the colour
encodes the crystallographic Burgers vector associated with the partial
dislocations as extracted from the individual dark-field TEM data (red
square in a)'°. ¢, Probability |W|2 of a network eigenstate, which for clarity
we select close to the Dirac point (the energy of the eigenstate is indicated
by the dashed vertical line in d); segmentation of the network state on the
AB/AC tiles is evident. d, Spectral weight of the monolayer graphene states
present in the network state; for a perfect AB bilayer only two such states
would be present. e, This motivates the classical model of a network of
three-terminal interconnected conductive discs, for which at finite
magnetic field the resulting potential landscape (colour map) and
non-trivial current distribution (green arrows) resembles that found for the
four-terminal case’. f, Comparison of MR for a (4 x 3) network (see e) with
a similar but larger (32 x 24) network, for which we assumed a charge
carrier density of 6 x 1012 cm~2 and a mobility of 10,000 cm2V ~'s~". The
first value is measured, whereas the second is a reasonable assumption
that gives a crossover field to linear MR similar to experiments.

vectors shown in Fig. 2a. Solving the quantum problem numerically
for this specific geometry reveals electron wavefunctions localized
on individual tiles of the mosaic-like network, as seen in Fig. 2c.
This is associated with multiple scattering through a network of
semi-transparent partial dislocations, a point of view supported
by the spectral decomposition of the network wavefunction into
single-layer graphene states (Fig. 2d). This is the driving mechanism
that divides the bilayer sheet into a network of weakly connected
segments, precisely the physics that underpins the PL model.

To check whether linear MR is present in this geometry,
we implemented a numerical simulation conceptually similar
to the PL model, now on a triangular network with threefold
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interconnected segments. The linear MR calculated for this network
is essentially that of the fourfold PL network. To model the network
disorder observed in Fig. 2a,b, we introduce topological defects by
removing interconnects or introducing shortcuts in the network (see
Supplementary Information). We thus have convincing evidence
from the simulations that the linear MR is a robust finding in mosaic
materials and that this feature results from the segmentation of the
network wavefunctions.

An additional source of disorder present in all large-area eBLG
samples is the existence of trilayer areas (about 20% of the sample),
which introduce a further stacking degree of freedom (ABC versus
ABA stacking). As a blind experiment, we prepared a sample
containing only bilayer graphene. This sample is smaller (2 x 8 um?)
and, therefore, provides finite-size mesoscopic effects, which are
avoided in the previous samples. Figure lc shows the MR data
obtained with this sample. The finding of linear MR persists at
room temperature, which proves unambiguously that indeed the
bilayer (not the trilayer) is the relevant source of linear MR. On
cooling the sample to low temperatures the resistance exhibits
reproducible fluctuations, absent in the large-area samples. These
fluctuations contain both the expected aperiodic UCF contribution
as well as an unexpected and significant periodic component, with
a periodicity of B.=0.55T (indicated by the arrow in Fig. 1d).
This is certainly a quantum phenomenon, as it occurs only at
low temperatures (T <20K). In the framework of single-particle
quantum interference, B. can be linked to a flux-threaded loop
of area A, = @,/B. (with @, =h/e being the flux quantum). The
numerical value of this area is ~(90 nm)*. Although the irregular
nature of the partial network precludes a clear assignment to a
specific geometry, (90 nm)* corresponds well with the average area
of the regular triangles in Fig. 2b. The underpinning of both TEM
and the conductance oscillations by the same length scale strongly
suggests that charge carrier motion is sensitive to features of the
partial dislocation network. When discussing the large-area samples
it is remarkable that the linear MR in the 1-20 T range persists at
1.4 K, a regime in which strong quantum Hall signatures are usually
expected to be observed. Note that linear longitudinal MR may
occur in the quantum Hall regime, when resistivity fluctuations are
present®. In our experiment, we suspect that this classical behaviour
is due to the insensitivity of the mosaic network to the spectra of the
individual tiles. Indeed, replacing the classical treatment of the discs
by a multi-terminal edge-state model yields again a linear MR in our
simulations, which will be explored in further investigations.

To conclude, we have identified bilayer graphene as the simplest
mosaic-like conductor so far, in which segmentation of the
electronic structure is the only ingredient that leads to classical
linear magnetoresistance. This phenomenon can now convincingly
be traced back to rather simple models. This will pave the way to
understand charge transport in emergent 2D materials and provides
a prototypical system for further study of the impact of material
segmentation on electronic structure.

This experiment also sheds new light on recent experiments
that were interpreted assuming virtually perfect bilayer graphene
samples, and disregarding partial dislocations” . It is at least
conceivable that some of the spectral features observed can be traced
back to the physics of partial dislocations near charge neutrality.
We expect a rich variety of behaviour between dislocation-free
samples and the robust finding of a linear MR for a large-area partial
dislocation network.

Methods

Methods and any associated references are available in the online
version of the paper.
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Methods

Sample preparation. Hall bar devices were fabricated on commercial
6H-SiC and 4H-SiC wafers (semi-insulating, nominally on axis). To
obtain an atomically flat substrate on the (0001) surface, samples were
either hydrogen etched for 10 min at 1,520 °C (for 6H-SiC) or annealed
for 30 min at ~1,700 °C and ~900 mbar Ar pressure in a SiC container
(for 4H-SiC). Graphene was grown for 15 min at ~1,750 °C, 900 mbar

Ar pressure, followed by a hydrogen intercalation at ~900 °C for ~60 min.
Hall bar devices were fabricated by two standard e-beam lithography steps,
one using O, plasma etching, defining the shape of the Hall bar, with the
second for evaporation of Ti/Au contacts.

Network simulation. The resistor network was simulated according to
the PL model, accounting for boundary conditions and Kirchhoff rules.
Technically similar, a network consisting of three-terminal interconnected
discs was investigated. To bridge the gap between the model and the real
structure in the sample, parameters for each disc can be set independently
(a resistance R for interconnects and charge mobility 4 and charge density
n for a disc). Short cuts and defects were introduced by introducing local
n=0and n =00 interconnect parameters into the network. Thus, the
symmetry of the network is broken, reducing edge effects that arise

from the number of terminals (even or odd) which are connected to

the leads.

Electrical transport measurements. Magnetoresistance measurements up to 8 T
were carried out in a *He bath cryostat with an embedded 1 K pot (sample in
vacuum) using a standard, low-frequency lock-in technique. Electrical transport
measurements in a high magnetic field were performed at the Dresden High
Magnetic Field Laboratory in a 62 T and a 70 T pulsed field magnet, both with a
pulse duration of about 150 ms. The sample temperature was controlled using a
“He flow cryostat (sample in He atmosphere) with an additional local heater for
temperatures at room temperature and above. In one experiment (Supplementary
Fig. 1a,b) an a.c. current of 1 pA and a frequency of 1-2 kHz was applied to the
sample and all voltages were recorded using a 1 MSs™' 16-bit Yokogawa DL750
oscilloscope. The sample resistances were calculated by applying a digital lock-in
procedure to the recorded data. In a second experiment (Fig. 1b) a d.c. current of
~10 pA was applied to the sample and the resulting voltages over the sample were
recorded with a DL750 oscilloscope.

Quantum theoretical calculations. The effective field is constructed as described
in the Supplementary Information and the quantum calculations are then
performed using a basis of single-layer states—we find that up to 20,000 such states
are required for full convergence of the problem to be achieved. This results in an
80,000 x 80,000 matrix, which evidently requires parallel computation. We
diagonalize this matrix via the usual ScaLAPACK approach, using 64 cores. The
effective field must be transformed into the single-layer graphene basis; this is
achieved via a fast Fourier transform.
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