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Strain-tuning of domain walls in multilayer graphene probed in the quantum Hall regime
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Domain walls, topological defects that define the frontier between regions of different stacking order in mul-
tilayer graphene, have proved to host exciting physics. The ability to tune these topological defects in sifu in an
electronic transport experiment brings a wealth of possibilities in terms of fundamental understanding of domain
walls as well as for electronic applications. Here, we demonstrate, through a MEMS (microelectromechanical
system) actuator and magnetoresistance measurements, the effect of domain walls in multilayer graphene
quantum Hall effect. Reversible and controlled uniaxial strain triggers the topological defects, manifested as
addtional quantum Hall effect plateaus as well as a discrete and reversible modulation of the current across the
device. Our findings are supported by theoretical calculations and constitute indication of the in sifu tuning of
topological defects in multilayer graphene probed through electronic transport, opening the way for the use of

reversible topological defects in electronic applications.
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I. INTRODUCTION

With the emergence of the field of 2D materials, strain has
provided an external tunable parameter that leads to exciting
physics and applications, from strain-induced gauge fields that
result in enormous pseudomagnetic fields in graphene [1,2]
to devices capable of detecting fine local deformations [3-5].
A few mechanisms have been proven successful in reversibly
tuning strain in layered materials [6,7], leading to measurable
effects despite layered materials’ typical large stiffness [8,9].
An interesting predicted effect in multilayer graphene under
strain is the emergence of domain walls, consequence of the
applied tension not being distributed evenly across all the
graphene layers [10,11].

Domain walls, also known as partial dislocations, are
topological defects found at the borderline between different
stacking orders in multilayer graphene and are behind intrigu-
ing phenomena. They occur naturally and they are restricted
to the basal plane, which imposes an extreme boundary con-
dition that results in confinement [12,13]. Bilayer graphene,
being the thinnest material that can host such topological de-
fects, has revealed through transmission electron microscopy
(TEM) the dynamics and patterns of these defects that are
known to behave as solitons [14]. It has been found that
electronic transport along the defects occurs through valley-
polarized chiral electrons [15-18]. Additionally, it is known
that some configurations of partial dislocations completely
block electronic transport across the dislocations while others
do not have an effect, providing a possible explanation for
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the both observed metallic and insulating behavior in bilayer
graphene at the Dirac point [19,20].

In general, identifying the effect of topological defects in
a conductance measurement is challenging. Electronic de-
vices are usually not compatible with imaging techniques
such as TEM, and while it has been demonstrated that topo-
logical defects can be identified through near-field infrared
nanoscopy [15], simultaneous tuning of the defects and con-
ductance measurements remains out of reach. Additionally,
because domain walls are naturally occurring in multilayer
graphene, their contribution to electronic transport is usually
buried within other effects such as charged impurities and
other defects. Here, we use a MEMS (microelectromechan-
ical system) actuator to controllably create uniaxial strain
in suspended multilayer graphene (six—seven layers) in a
reversible and controlled manner, that in turn modifies the
domain wall landscape in the multilayer graphene. Domain
walls are dynamically created by uniaxial strain applied to
the sample using the MEMS actuator while we simultane-
ously measure electronic transport at low temperature with
an external magnetic field. We observe a strain-induced effect
on QHE features, as well as a discrete modulation of the
current across the device that we attribute to a strain-induced
tuning of topological line defects in the multilayer graphene.
Theoretical calculations are presented to contrast our findings.

II. SAMPLE FABRICATION

We started with our unique MEMS chips, for which the
top surfaces are polished to extremely flat faces with only a
few nanometers of surface topology variation, with no deep
trenches or holes in contrast with other methods [21]. Such a
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FIG. 1. MEMS actuators and graphene. Left: SEM image of the MEMS chip showing the suspended graphene (represented in the inset)
held by movable structural silicon beams connected to the two MEMS actuators. Right: Zoom-in image of the suspended graphene (green)

showing source and drain electrodes (yellow) and back gate (purple).

flat surface allows an easy transferring, patterning, and electri-
cal contacting of the multilayer graphene by nanofabrication
techniques. Transfer microscopes and micromanipulators al-
lowed us to locate the multilayer graphene and transfer it
into precise locations of the MEMS chips. This process is
followed by nanolithography to pattern and define clampling
metal electrodes and finally, the silicon dioxide sacrificial
layer is etched away followed by critical point drying. The
integrated six—seven layer graphene is suspended with both
ends anchored by metal supports onto a movable structure
supported by flexural beams. The metal supports anchor the
multilayer graphene sample from its top surface, creating the
asymmetry in tension force needed for the creation of domain
walls [10,11]. The tension forces are generated by the con-
nected MEMS actuators which utilize electrostatic force. A
scanning electron microscopy (SEM) image of the sample is
shown in Fig. 1. Detailed fabrication process is described in
Appendix A and Supplemental Material [22] (see also
Refs. [23-35] therein).

III. ELECTRONIC TRANSPORT MEASUREMENTS
AND THEORETICAL CALCULATIONS

Thanks to the fact that MEMS are compatible with high
vacuum and cryogenic temperatures, we were able to probe
strain-induced effects through electronic transport in a closed
cycle cryostat with a superconducting magnet. Electronic
transport measurements were performed in a temperature
range of 1.5-300 K and magnetic fields up to 12 T on one six—
seven layer graphene sample with a close to square geometry.
Differential conductance was measured by superimposing an
AC voltage (800 uV) to a DC bias voltage (up to 90 mV)
and measuring the current modulation by lockin detection.
Similarly, differential resistance at zero bias was measured
imposing an AC current (10 nA) and measuring the DC volt-
age drop across the sample.

Despite the fact that domain walls are present in multilayer
graphene and do influence electronic transport, their contribu-
tion is difficult to discriminate. It is only through the effect of

strain and continuous electronic transport measurements that
the impact of such defects becomes discernible. Strain was
introduced by the electrostatic actuator, where a DC voltage
was applied to the MEMS actuators in the range 0-80 V to
control the tension on the six—seven layer graphene. This
voltage range imposes an averaged strain level of 0-0.21%
on the sample, as estimated through the hybrid device model
detailed in Appendix B. We observed that the effect of the
strain was reversible, reflected both on the sample resistance
and on the features of the differential conductance and mag-
netoresistance, as presented later. Our finite element analysis
revealed a nonuniform strain distribution where the strain at
the corners of the sample is the highest, where we believe
the domain walls are first triggered before traversing the sam-
ple (see Supplemental Material [22]). As the inner layers of
the multilayer graphene have no contact to the anchors, we
believe that strain is applied only to the outermost layers
of the six—seven layer graphene. Molecular dynamics (MD)
simulations presented elsewhere [36] show that in the case of
strained trilayer graphene, interlayer dislocations occur only
between the bottom and the middle layers.
Magnetoresistance measurements are presented in Fig. 2.
We fixed the actuation voltage and continuously varied the
magnetic field as we measured the graphene resistance at
zero bias. The data was collected in the following order:
Vaet =80V,0V,40V, 60V, 20 V. Data for V,,; = 80 V was
very similar to data for V¢ = 60 V. In the same way, data
for Vooe =0V was very similar to V., =20 V. As will be
detailed later, we believe that only V, =40V and V,, =
60 V imposed a strain on the sample large enough to trigger
new domain walls on the sample, discernible in the mag-
netoresistance measurements. Figure 2 represents only the
data for Voo =80V, Vooe =40V, and Voo, = 0V for clarity.
A plot of the data for all V¢ can be found in the Supple-
mental Material. It can be observed in Fig. 2 an increasing
tendency of the quantum Hall effect (QHE) features for larger
voltages on the actuators despite the data not being taken in
an incremental order for V,.. This testifies the reversibility
of the strain imposed on the sample. From the data in the
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FIG. 2. Magnetoresistance. Experiment and theory. Experimen-
tal magnetoresistance at 1.5 K for different voltages on the actuator.
0 V represents no strain and 80 V maximum strain.

absence of strain (Ve = 0 V), we deduced the sample mo-
bility © A~ 5000 cm?/Vs. This value was extracted from the
lowest magnetic field value at which quantum Hall effect
features are apparent (2 T), corresponding to a regime where
charge carriers complete individual cyclotron orbits before
suffering scattering (uB ~ 1 or w.t &~ 1). Using values re-
ported in the literature for the effective mass and Fermi
velocity in a seven-layer graphene m*/m, = 0.031 [37] and
vr = 1.03x10° m/s [38] we estimated a mean free path value
of [, = 90 nm, corresponding to a diffusive regime.

Because our measurements are two-probe, quantum Hall
effectlike features strongly dependant on the aspect ratio and
the geometry of the sample. As reported by Abanin et al.
[39,40], multilayer graphene samples close to a square ge-
ometry (L =~ W) present a conductance that is a monotonic
function of the filling factor v with marked QHE plateaus,
consistent with the data for our close to square sample
(L/W = 0.7). Despite the fact that our devices lacked an elec-
trostatic gate which precluded the tuning of the filling factor

through the electronic density (v = nh/Be), the equivalent
effect was achieved by varying the magnetic field. As strain
was imposed on the sample, features appeared at magnetic
fields where QHE plateaus can be identified in the absence of
strain. Our data is in qualitative agreement with the outcome
of our calculations that we develop next.

We simulated numerically the effect of a domain wall in
bilayer graphene QHE, finding QHE plateaus that are absent
if no domain walls are included. We consider a 1D domain
wall on the plane of a bilayer graphene, perpendicular to the
electron flow and subject to a magnetic field perpendicular to
the plane of the sample. In general, bilayer graphene is known
to present an unconventional QHE, a consequence of the cou-
pling of the two graphene layers that turns graphene’s Dirac
fermions into chiral quasiparticles with a quadratic disper-
sion relation, resulting in a characteristic Landau quantization.
Figure 3 shows a schematic of the conventional integer QHE
typical of a bilayer graphene. The transverse resistivity shows
a plateau every time there is a filled integer number of Lan-
dau levels, determined by the filling factor v = nh/eB, with
n the electronic density and & Planck’s constant. In the bi-
layer graphene this corresponds to v =nh/eB =4(N + 1)
with N =0, 1,2, 3, .... The transverse resistivity takes the
form p = (1/(N + 1))(4h/e*) with N =0,1,2,3,... cor-
responding to p = (1/4)(h/e*), (1/8)(h/e?), (1/12)(h/e?),
(1/16)(h/e?), etc. Interestingly, when a domain wall is added
perpendicular to the electron flow, additional plateaus appear
at p = (1/6)(h/e?), (1/10)(h/e?), (1/14)(h/e?), ... as shown
in Fig. 3 and consistent with another recent theoretical work
[41].

The appearance of the additional plateaus can be under-
stood from symmetry arguments. It has been demonstrated
in the past that QHE in twisted bilayer graphene presents
the same plateau resistance values as a commensurate Bernal
bilayer, a consequence of an absence of symmetry breaking
[42,43]. Here, the addition of a domain wall creates a sublat-
tice symmetry breaking. Across the domain wall, the A and
B carbon sites change places. That is, the carbon atoms that
used to be A sites on one side of the domain wall become
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FIG. 3. Quantum Hall resistance in bilayer graphene is contrasted with the effect of adding a domain wall orthogonal to the electron
transport. Bilayer QHE plateaus are indicated in black. Additional plateaus appear at (1/6)(h/e?), (1/10)(h/e?), (1/14)(h/e?), ..., marked in
red. Disorder has been included in the calculations as detailed in Appendix C.
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FIG. 4. Magnetoresistance with no domain walls subtracted from the magnetoresistance with domain walls AR The experimental AR
(left) represents the magnetoresistance for a nonzero voltage on the actuator V. subtracted from the magnetoresistance at V4., = 0. The
red (green) curve corresponds to the magnetoresistance for V4., = 80 V (V,4., = 40 V) subtracted from the magnetoresistance at V4o, =0V
(as represented in Fig. 2). The theoretically calculated AR (right) represents the magnetoresistance with a domain wall subtracted from the

magnetoresistance with no domain wall, as shown in Fig. 3.

B sites on the other side of the domain wall. Therefore, the
A-B sublattice symmetry that prevents midplateus in bilayer
graphene (or two layers of a multilayer graphene) is broken
once a domain wall is introduced, giving rise to midplateaus
in the transverse resistivity.

We repeated the calculation for six layers of graphene,
presented in the Supplemental Material [22]. We found
agreement with previous calculations for the transverse re-
sistance of a six-layer graphene [24] R = (1/(N + 3))(4/’1/62)
with N =0,1,2,3, ... corresponding to R = (1/12)(h/e2),
(1/16)(h/e?), (1/20)(h/e?), etc. Plateaus have the same re-
sistivities as those for bilayer graphene, except that the first
two plateaus are shifted. Adding a domain wall introduces
additional plateaus (in bold) R = (1/12)(h/e?), (1/14)(h/e?),
(1/16)(h/e*), (1/18)(h/e*), (1/20)(h/e*), (1/22)(h/e®),
(1/24)(h/e?). This is qualitatively the same as what happens
in bilayer graphene, where the plateaus in the presence of
a soliton take the values (in bold the plateaus added due to
the domain wall) R = (1/4)(h/e?), (1/6)(h/e*), (1/8)(h/e?),
(1/10)(h/e), (1/12)(h/e?), (1/14)(h/e>), (1/16)(h/e?).
While the appearance of midplateaus in the Hall resistivity in
the presence of a domain wall seems to be universal, the fill-
ing factor (eB/nh values) at which they appear needs further
study.

Figure 4 shows the computed difference of the calculated
magnetoresistance for a bilayer graphene with and without
a domain wall AR (right panel) compared to the measured
magnetoresistance acquired in the presence and absence of
strain in the multilayer graphene (left panel). Despite the fact
that we are not able to label the Landau levels, a conse-
quence of a nonfunctional gate voltage, we find a qualitative
agreement.

We have represented in the Supplemental Material [22]
a fan diagram (Landau level index N vs 1/B) of the QHE
features observed in the data both in the absence (V = 0) and
in the presence of strain (V = 80V). In both cases, the data
fits to a line as expected. Most importantly, the intercept of
the fit with the y axis for the data in the presence of strain is
shifted by 1/2 with respect to the data in the absence of strain.
This is expected from the integer sequences for the transverse

resistance and the Landau level index for multilayer graphene
in the absence and presence of a domain wall, as detailed in
the Supplemental Material.

We now turn to the differential conductance measurements
presented in Fig. 5, where we observe a discrete modulation
of the current across the device as a function of strain, in con-
sensus with reported findings using a different experimental
technique. Schweizer et al. [44] have demonstrated, through
a dedicated scanning electron microscope setup, that partial
dislocations in bilayer graphene can be manipulated to turn the
sample into different topological states as a result of recombi-
nation of the dislocation lines. By using a micromanipulator
with a fine tip in situ, they create a switching reaction that
enables the connection and separation of spatially confined
areas of different stacking order that behave as topological
switches, where current traveling from source to drain may en-
counter (or not) areas of different stacking order. We attribute
the observed discrete changes of the differential conductance
in our samples to be a consequence of a similar effect created
by strain, as we develop next.

Differential conductance measurements were taken in the
following order: (1) We applied different driving voltages to
the MEMS actuators to tension the sample to different strain
levels, (2) at each fixed driving voltage, we applied differ-
ent magnetic fields, and (3) at each fixed magnetic field, we
performed differential conductance measurements. (See Sup-
plemental Material for the complete set of data). Interestingly,
the differential conductance measured for different voltages
on the actuators was identical unless a magnetic field was im-
posed. The effect became observable at around 1.65 T, close
to the onset of quantum oscillations, as observed in the mag-
netoresistance (Fig. 2). As the magnetic field increased, we
noticed that the curves divided into three groups: {0 V, 20 V},
{40 V}, and {60V, 80 V} (see Fig. 5). We believe that the
differential conductance with no voltage on the actuators rep-
resents a starting configuration of the domain walls in the
sample. As shown in Fig. 5, applying 20 V does not impose
a strong enough strain to change the domain wall landscape
in the sample. Only 40 V and 60 V generate dislocation reac-
tions that result in discrete changes in the conductance across
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FIG. 5. Differential conductance as a function of the bias voltage for different voltages on the actuator. Each panel shows data taken at

different magnetic fields (0 T, 2.65 T, 5.3 T, 6.2 T, 7.65 T, 10.25 T).

the sample. We believe that these changes in the conductance
are a consequence of an increase of backscattering, created
by the strain-induced domain walls. Indeed, the increment
of backscattering is also responsible for the additional QHE
plateaus observed with strain (Figs. 2 and 3), as found in our
calculations and detailed in Ref. [41].

The overall evolution of the features in the differential con-
ductance near zero bias at different magnetic fields is dictated
by the behavior in the absence of strain (see Fig. 6) showing
that the domain walls generated by strain have little effect on
the phonon modes of the suspended multilayer graphene. As
detailed in the Supplemental Material [22], we have found that

in the absence of strain and magnetic field, the differential
conductance shows features with a periodicity of ~20 meV
(inset of Fig. 6) indicating a coupling to the lowest energy op-
tical phonon mode in graphite, corresponding to neighboring
nonequivalent planes vibrating in phase opposition along the
c axis. A similar behavior for suspended multilayer graphene
has been reported in Refs. [28,33].

IV. CONCLUSIONS

Through a reversible and controlled adjustment of uniax-
ial strain, we were able to tune the electronic transport in
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FIG. 6. Bias dependent differential conductance (dI/dV) with
no strain at different magnetic fields. Range of 0 T to 12 T. Inset:
Fourier transform of the dI/dV at OT that indicates a periodicity of
(20 meV)~'.

suspended graphene, manifested as additional QHE plateaus
as well as a discrete modulation of the conductance across
the device, consistent with the idea that strain creates domain
walls perpendicular to the electron flow and supported by our
calculations. In the absence of strain, we identified features
in the differential conductance corresponding to the coupling
of an optical phonon mode in graphite, in agreement with
previous works on suspended multilayer graphene. As strain
was applied to the sample, we observed a discrete modulation
of the differential conductance across the sample activated
by strain that we understand as the tuning of the dislocation
landscape in the sample that generates additional scattering
when a new domain wall is created across the path of the
electrical current.

Most importantly, our results suggest that while adding
regular disorder to multilayer graphene preserves its charac-
teristic QHE features, it is only through the addition of domain
walls that the quantization of the resistivity is modified. Our
work constitutes an experimental illustration of the effect of
the arrangement of multilayer graphene domain walls in the
quantum Hall effect regime, and it paves the way for the use
of reversible topological defects for electronic applications.
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APPENDIX A: FABRICATION PROCESS
OF THE MEMS-GRAPHENE HYBRID DEVICE

The process starts with silicon on insulator (SOI) wafers
(see figure in the Supplemental Material [22] illustrating the
fabrication steps). The top silicon is first patterned to the
designed structures using photolithography and deep reactive
ion etching. Sacrificial silicon oxide is then filled in between
the spacing of the structural silicon. Chemical-mechanical
polishing is used to make a smooth top surface for graphene
transferring. Thin graphene flakes are first mechanically ex-
foliated on a Si/SiO, substrate. The flakes with the desired
number of layers are identified by their optical contrast and
then confirmed by their distinct Raman signatures. Then the
target graphene flake is transferred with a polymer support
by a micromanipulator to a designated location of MEMS
chips with high accuracy. Subsequently standard electron-
beam lithography techniques are used to pattern graphene
and define clamping metal electrodes. In the final step, the
silicon dioxide sacrificial filler is etched away in 5:1 BHE,
and the chips are dried with a critical point drier to acquire
freestanding MEMS devices. In the resulting device, the mul-
tilayer graphene is suspended together with the structural
silicon beams, because the silicon dioxide beneath has been
fully etched away. The movable structural silicon beams are
connected to two microactuators that can pull the graphene
sample from both ends to opposite directions, controlling the
displacement of the graphene.

APPENDIX B: MECHANICAL MODELING

The MEMS-graphene hybrid device consists of two
comb-shaped electrostatic actuators at both ends pulling the
graphene flake in the middle to opposite directions. We use a
lumped model to estimate the displacement of the graphene
due to the actuators. At 20V, 40V, 60V, and 80V, the
strain of the graphene flake is estimated as 0.01%, 0.05%,
0.12%, and 0.21%, respectively. See Supplemental Material
for details [22].

APPENDIX C: THEORETICAL CALCULATIONS

We computed the quantum transport through the bilayer
graphene with a domain wall using the open-source computer
package Kwant [45]. For that purpose we considered the bi-
layer graphene of the finite width of 12 nm. This width is large
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enough to eliminate finite-size effects. The scattering region
of the bilayer graphene has a length of 7.3 nm. On each side
of the bilayer graphene, the scattering region is connected to
semi-infinite leads. The tight-binding model for graphene is
based on Slater-Koster parametrization from Ref. [46]. Since
Slater-Koster parametrization depends only on distances and
angles between atoms, we can apply the same parametrization
both to the region away from the domain wall or the region
near the domain wall. We applied the magnetic field to the
model by using the Peierls substitution. The domain wall was
modeled by shifting one of the layers of graphene by a fraction
of a unit-cell vector so that on each side of the scattering
region there is a continuous transition into the semi-infinite
leads. The domain wall is modeled with a sigmoid function

ﬁ where x is location along the bilayer and parameter

a equals 0.8 nm. However, we tested that a larger domain
wall size gives qualitatively the same final result for transport.
The disorder was modeled by adding a constant onsite energy
shift to every carbon site. In the experiment, such an energy
shift can be associated to thermal fluctuations or curvature
of the sample. The energy shift was chosen at random from
a Gaussian distribution with a full width at half maximum
of 0.3 eV. Transport was computed and averaged over ten
realizations of the disorder. Results using full width at half
maximum of 0.1 eV and 0.6 eV gave similar results. For all
disorder considered, the quantum Hall effect (QHE) plateaus
(associated to a domain wall added perpendicular to the elec-
tron flow) were robust and did not disappear as disorder was
increased. Disorder widens the QHE plateaus but does not
create steps between the plateaus.
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