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ABSTRACT: The creation and movement of dislocations
determine the nonlinear mechanics of materials. At the nanoscale,
the number of dislocations in structures become countable, and
even single defects impact material properties. While the impact of
solitons on electronic properties is well studied, the impact of
solitons on mechanics is less understood. In this study, we
construct nanoelectromechanical drumhead resonators from
Bernal stacked bilayer graphene and observe stochastic jumps in
frequency. Similar frequency jumps occur in few-layer but not
twisted bilayer or monolayer graphene. Using atomistic simu-
lations, we show that the measured shifts are a result of changes in
stress due to the creation and annihilation of individual solitons.
We develop a simple model relating the magnitude of the stress induced by soliton dynamics across length scales, ranging from <0.01
N/m for the measured 5 μm diameter to ∼1.2 N/m for the 38.7 nm simulations. These results demonstrate the sensitivity of 2D
resonators are sufficient to probe the nonlinear mechanics of single dislocations in an atomic membrane and provide a model to
understand the interfacial mechanics of different kinds of van der Waals structures under stress, which is important to many
emerging applications such as engineering quantum states through electromechanical manipulation and mechanical devices like
highly tunable nanoelectromechanical systems, stretchable electronics, and origami nanomachines.
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The atomic-scale thickness of two-dimensional (2D)
materials like graphene and molybdenum disulfide,

combined with their high mechanical strength and flexibility,
and excellent electronic properties, open up new opportunities
for low power, highly tunable, and highly sensitive nano-
electromechanical systems.1−4 Examples include speakers and
microphones from atomic membranes,5,6 highly tunable
filters,7 oscillators,8 mass/force sensors,9,10 and piezotronics.11

In many cases, micro and nanoelectromechanical systems need
more than one layer to connect mechanics to transduction.12

For example, in 2D material heterostructures, there are now
many emerging technologies being explored utilizing mechan-
ical deformations ranging from twistronics13−15 to origami
bimorph nanomachines16 to deformable electronics from
bent17 or crumpled membranes.18 In these structures, the
weak interlayer bonding and stacking orientation at the van der
Waals (vdW) interface dramatically affect the mechanics of 2D
membranes and electromechanical coupling, providing a new
degree of freedom for engineering 2D mechanical systems. For
example, commensurate graphene layers relax interfacial
stresses through the presence of solitons, local changes in
stacking registry from AB to BA (also known as dislocations or
domain walls),19−21 while twisted or incommensurate

interfaces are superlubric,14,22 allowing free sliding between
layers. Interlayer solitons are mobile, creating and annihilating
themselves at high temperatures,23 under electrostatic field,24

by a local mechanical stress,25,26 and their presence leads to
changes in local electrical21 and optical20 states. These solitons
should affect the mechanical properties of the membranes, yet
are difficult to measure because of their discrete nature and the
lack of techniques to deterministically manipulate them. For
example, interlayer shear stress has been measured in bilayer
graphene with a pressurized bubble test.27 Similarly, the
inelastic slip between layers in 2D multilayers and hetero-
structures have been observed through nanoindentation
studies, leading to a lower effective elastic modulus28,29 and
conductance modulations.30 Due to the large forces and low
sensitivity, these studies probe the continuum level of many
dislocations. Due to their low mass and high tunability,
resonators from 2D materials are exceptionally responsive to
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perturbations and are being explored as ultrahigh sensitive
mass and force sensors.10,31 Here, we utilize this intrinsic
sensitivity to probe the mechanics of 2D interfaces directly and
detect the creation and annihilation of a single soliton in
bilayer graphene.
In this study, we probe the influence of solitons on the

mechanics of 2D membranes by directly comparing the
electrostatic tuning of resonance frequency in nanoelectro-
mechanical drumhead resonators from CVD grown monolayer
graphene (MLG) and commensurate, Bernal stacked bilayer
graphene, twisted bilayer graphene, and few-layer graphene.
We observe new behaviors in the Bernal stacked bilayer
graphene of sudden stochastic jumps in the resonance
frequency tuning, which can be either positive or negative,
are irreversible and whose magnitude is independent of the
initial or electrostatically induced stress of the membrane.
Using atomistic simulations, we establish a theory that relates
these frequency jumps to changes in stress, resulting from
stochastic slip events during the creation and annihilation of
solitons. Supporting this theory, twisted bilayer graphene
resonators, which have been shown to have superlubric
interfaces,14,22 show no evidence of frequency jumps, while
few-layer graphene resonators show many frequency jumps.
We develop a simple model relating the magnitude of the
stress induced by soliton dynamics across length scales, ranging
from <0.01 N/m for the measured 5 μm diameter to ∼1.2 N/
m for the 38.7 nm simulations. These results demonstrate the
sensitivity of 2D resonators is sufficient to probe the nonlinear
mechanics of single dislocations in an atomic membrane and
provide a model to understand the nonlinear mechanics of
different kinds of van der Waals interfaces under stress.
Figure 1a shows a schematic of the 2D material resonators

used in this study as well as the electrical circuit used for
actuation and tuning. Figure 1b shows a corresponding optical
image of one such resonator made from BS-BLG. To fabricate
the resonators, 2D atomic membranes composed of monolayer
graphene (MLG), Bernal stacked (commensurate) bilayer
graphene (BS-BLG), twisted (incommensurate) bilayer
graphene (T-BLG), and few-layer graphene (FLG) are
transferred and suspended over circular holes with a 5 μm
diameter and a depth of 230 nm in a 285 nm thick silicon
oxide layer on a degenerately doped silicon substrate (Figure
S1). The transferred layer is then electrically contacted by
evaporating Cr/Au through a shadow mask (see Supporting
Information, Section 1). We use bilayer and few-layer graphene
islands grown by chemical vapor deposition.32 Previous studies
have shown these bilayer islands may be either Bernal stacked
or twisted, and the Bernal stacked layers contain a higher
density of solitons when compared with exfoliated sam-
ples.19,23,33 The use of as-grown bilayer graphene ensures the
interface will be atomically clean. In total, we measured 10
resonators including two monolayer graphene (MLG) and
three commensurate, Bernal stacked bilayer graphene, two
twisted bilayer graphene, and three few-layer graphene. For the
majority of the paper, we will focus on the behavior of the BS-
BLG and understand the role of the van der Waals interface on
the membrane mechanics and then will compare the behavior
of other membrane types in Figure 5.
We use Raman spectroscopy and specifically the ratio of the

graphene G/2D peaks to confirm the twist angle in the bilayer
graphene.34 Figure 1c is the Raman spectra of both MLG
(black) and BLG (red) at the indicated positions in Figure 1b.
The monolayer shows a typical graphene Raman spectra with a

narrow Lorentzian line shape of the 2D peak with fwhm = 28.6
cm−1, and a 2:1 ratio of 2D to G peak intensities.34 In contrast,
the bilayer shows a reduction in 2D band intensity (2D to G ≅
1) and a wider 2D peak width, typical of a commensurate
bilayer (BS-BLG).34 Figures S2 and S3 compare the
spectroscopic characterization of T-BLG and FLG, respec-
tively, and Figure S4 compares the AFM topography for each
membrane type.
To probe the mechanical resonance of the graphene

drumhead resonators, we utilize established electrostatic
actuation and optical detection techniques,35−37 shown in
Figure 1a and detailed in the Supporting Information, Section
1. Figure 1d shows the first fundamental mode of the BS-BLG
resonator from Figure 1b with the Lorentz fit (red) at Vg = 2.4
V. The resonance frequency and the quality factor are 18.2
MHz and 42, respectively, similar to other 2D material
drumhead resonators.1,7,38

In Figures 2a,b, we compare the electrostatic tuning
behavior of monolayer (MLG) and bilayer (BS-BLG)
drumhead resonators, respectively. The plots show the
dynamic reflected laser response versus DC electrostatic gate
voltage Vg and drive frequency. The MLG resonator shown in
Figure 2a is well studied in the literature7,39 and serves as a
reference to compare the behavior of the new multilayer
structures. Both resonators show frequency tuning, with the
electrostatic gate voltage characteristic of atomic membranes.
The key difference is the BS-BLG displays discrete jumps in
the tuning curve, indicated by white arrows. In contrast, the

Figure 1. Structure of the 2D material atomic membrane drumhead
resonator. (a) Schematic drawing of a suspended 2D membrane
circular drumhead resonator and the electronic actuation and optical
detection scheme. The suspended membrane is electrostatically
actuated, while the mechanical motion is detected by dynamic
changes in reflection. (b) An optical image of a Bernal stacked bilayer
graphene (BS-BLG) membrane suspended as a 5 μm circular
drumhead. The crystal structure is the inset. (c) Raman spectra of
monolayer graphene (MLG, black) and Bernal Stacked bilayer
graphene (BS-BLG, red), corresponding with the black and red
points indicated in panel b. (d) First fundamental resonance of BS-
BLG at Vg = 2.4 V, laser power = 50 μW, and VRF = 1 mV.
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MLG resonator displays smooth tuning and is symmetric
around the neutral point7,37 (see also Figure S5). As shown in
Figure S6, we have observed similar stochastic frequency jumps
in two additional BS-BLG resonators, and sequential scans on
the same resonator show additional stochastic jumps with each
scan, though not every scan is guaranteed to show a jump. The

jumps may be either positive or negative, as seen near Vg = 4
and 7 V in Figure 2b. While in Figure 2b, the jumps only occur
during tensioning; in the other samples shown in Figure S6,
the jumps occur in both the detensioning and tensioning.
First, in Figure 2c, we quantify the mechanics of one jump

(the behavior of multiple jumps will be compared later). Figure

Figure 2. Electrostatic frequency tuning in MLG vs BS-BLG. (a, b) Measured amplitude of motion vs frequency and electrostatic gate voltage for
the first fundamental mode of MLG and BS-BLG, respectively. The color scale is the measured dynamic optical reflectance, which is a convolution
of the amplitude of motion and changes in the optical interferometric path. Laser power = 50 μW, and VRF = 1 mV. (c) Extracted resonance
frequency vs gate voltage for two subsequent sweeps (blue and red) on the same BS-BLG. The first sweep displays frequency jumps, while the
second sweep shows no jumps. The inset shows the obtained resonance frequencies from the two subsequent sweeps with a tensioned membrane
model fit, yielding the change in the stress of Δσ0 = 0.006 N/m.

Figure 3. Simulation of solitons in the Bernal Stacked bilayer graphene. (a) DF-TEM image of suspended BS-BLG. Solitons are present, as
represented by dark lines. The inset shows the TEM diffraction pattern of BS-BLG. The {2̅110} diffraction spots, circled in red, are used for the
dark-field imaging. (b) Stress−strain response of a simulated BS-BLG, 38.7 nm in length. The sawtooth steps are a result of the creation of solitons
at the interface between the layers. (c) Heatmaps of the BS-BLG at five different strains. The heatmap shows the local registry index within the
bilayer with blue corresponding to Bernal stacked AB/BA and purple corresponding to SP-stacking. (d) Stress−strain responses of a 10 nm
supercell of BLG with different interlayer twist angles. The underlying linear response dominates the modulus of T-BLG, while dislocation
nucleation in BS-BLG alters the modulus, making it appear nonlinear. The smaller supercell size of the BS-BLG in Figure 3d compared with Figure
3b, leads to a higher soliton onset and magnitude, and a more spread out curve. The role of supercell size is detailed further in Figure S10.
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2c is a plot of the extracted frequency versus gate voltage for
two sequential measurements on the same BS-BLG resonator.
Both measurements are taken while sweeping the gate voltage
from negative to positive. The blue dotted line represents the
first sweep, where a sudden frequency jump of ∼500 kHz is
observed at Vg = 4.2 V. The second sweep in red has no large
frequency jump. Initially, the tuning in the two measurements
is offset by the size of the jump and then is superimposed after
the jump occurs. From this, we infer the frequency jumps lead
to irreversible and fixed changes in the initial tension of the
bilayer.
At the size scales and level of deflection used in this study,

mechanically bilayer graphene behaves as a membrane rather
than a plate.40,41 To quantify the change in initial tension due
to the stochastic frequency jumps, we apply the tensioned
membrane model frequently used to describe the electrostatic
tuning of 2D resonators.1,7,35−39

π

σ σ

αρ
=

+
f V

R

V
( )

2.404
2

( )
membrane g

0 g

0 (1)

In this equation, R is the radius of the membrane, σ0 is the
initial stress in the membrane, σ(Vg) is the stress induced by
the electrostatic force, ρ0 is the intrinsic density of the 2D
membrane, and α is a factor to account for the additional mass
due to adsorbates or polymer residue (Supporting Information,
Section 2).
The solid lines in the inset in Figure 2c show the fit to the

tensioned membrane model of the first sweep before the
frequency jump and to the entire second sweep. From the first
sweep, we obtain the density and initial tension of the
membrane ρ = 5.9ρ0 and σ0 = 0.124 N/m, where ρ0 is the
density of pristine BLG. For the second sweep, we assume the
same density, resulting in a new initial tension, σ0 = 0.130 N/
m. Hence, the change in stress due to the frequency jump is
Δσ0 = 0.006 N/m, or ∼5% the initial tension in the membrane.
We note the tensioned membrane model also takes into
account the competition between capacitive softening and
electrostatic tensioning, which explains the W versus U shaped
tuning curves in the monolayer versus bilayer resonators.
These features are well explained in the literature4 and do not
impact the interfacial effects proposed in this study.
We propose the stochastic jumps originate from the

introduction and removal of solitons within the tensioned
membrane, leading to changes in membrane tension. We also
consider and rule out alternative mechanisms for the stochastic
jumps in the Supporting Information, Section 3. To support
this theory, we performed dark-field transmission electron
microscopy (DF-TEM), a diffraction-filtered imaging techni-
que sensitive to changes in stacking order in multilayer
graphene, previously used to image grain boundaries and
solitons in graphene and other 2D materials.19,23 Figure 3a is a
DF-TEM image of a BS-BLG suspended over a hole in a TEM
grid. The graphene imaged is fabricated from the same growth
used to generate the bilayer resonators. The inset diffraction
pattern shows the bilayer graphene is a single crystal and
Bernal stacked, with a single set of 6-fold symmetric spots. By
using an objective aperture to select the {2̅110} diffraction
spot, we produce the image in Figure 3a. Here the bright
regions are Bernal stacked bilayers, with either AB or BA
stacking orders. The locations of solitons are shown as dark
lines and correspond with a transition between stacking orders
AB to BA or vice versa.19,23 The image shows the graphene

membranes contain many solitons (here, several dozen in a 4
square micron area), even before the introduction of
electrostatic tension. We observed a similar density of solitons
in other Bernal stacked regions on this sample, although the
soliton number, shape, and size vary; two additional bilayer
regions are shown in Figure S7. Figure S8 shows a third region
captured using the {1̅010} diffraction spot, which shows the
solitons correspond with changes in stacking order.
To understand the impact of the interlayer solitons on the

mechanical properties of graphene resonators, we carry out
LAMMPS42 molecular statics simulations of bilayer graphene,
wherein one layer is tensioned and the other layer is free to
relax (Supporting Information, Section 4, and Figure S9).
Figure 3b shows the stress response of a simulated 38.7 nm
supercell of BS-BLG under uniaxial tensile strain. The stress−
strain response has a sawtooth shape, with regions of different
elastic moduli, indicated by lines of different colors. To explain
the origin of the sawtooth features, Figure 3c shows the atomic
stacking at five different tensile strains as a heatmap of the local
registry index (LRI).43 At zero strain, the stacking is AB
everywhere. At small strains, <0.2% (yellow), the two layers are
almost uniformly strained, leading to an elastic modulus of
∼1000 N/m, which is higher than the elastic modulus of BLG.
The higher effective modulus is a result of the interaction
energy between dislocations, which depends on dislocation
separation and, thus, on the periodicity of the simulations.
Figure S10 quantifies the dependence of the nucleation strain
with a supercell size as well as an interlayer twist, described
below. Between 0.2 and 0.4% strain (red), the stress−strain
curve is negative, corresponding with the layers breaking
registry as the crossing of a Peierls barrier results in the
nucleation of a soliton23,44 and a region of BA stacking. Next,
between 0.4 and 0.7% strain (blue), the elastic modulus
corresponds to a single layer in tension ∼340 N/m.45 The LRI
at 0.5% strain shows the nucleation of a second dislocation.
The pair of dislocations accommodate misregistry and prevent
the transfer of strain between the layers. At 0.7% strain, the
process repeats.
These simulations also compare the relative response of

Bernal stacked and twisted bilayer graphene. Figure 3d uses the
stress−strain response to show the difference of interfacial
properties of twisted to Bernal stacked graphene. Figure 3d
compares simulated stress responses for a supercell of 100 Å of
BS- and T-BLG (θ = 21.8 and 27.8) under uniaxial tension.
The modulus changes of the BS-BLG correspond to the
nucleation of solitons. In contrast, twisted bilayer graphene is
an array of screw dislocation and solitons as a partial edge
dislocation in which there is a local change in the periodicity of
the moire ́ superlattice.44 These screw dislocations have much
smaller Burgers vectors than aligned layers and have a much
lower Peierls barrier height. As a result, there is no observable
sawtooth pattern in the simulated twisted bilayer under stress.
This nearly linear modulus of T-BLG is a signature of
superlubricity, which is the result of the lower commensur-
ability of the twisted structures. The smaller simulation
supercell size of the BS-BLG in Figure 3d compared to Figure
3b leads to a larger onset and magnitude of the steps in stress−
strain response. The role of supercell size is detailed further in
Figure S10.
Using the atomic-scale simulations as a guide, Figure 4a

describes the impact of soliton creation, annihilation, and slip
on the resonance frequency. Soliton creation is a result of a
localized change in stacking order or slip of soliton from the
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edges. Soliton annihilation is caused by either the recombina-
tion of two different stacking orders in the membrane or the
exit of an existing soliton through the edges. As seen in Figure
3b, creating a soliton will increase the overall length of the
resonator, leading to a decrease in the stress and a drop in
frequency. In reverse, annihilating solitons will decrease the
overall length, leading to an increase in overall stress and a rise
in frequency. Soliton slip, wherein the soliton changes position
in the membrane, does not change the effective length, so it
will not lead to observable discrete changes in stress unless the
slip is completely off the edge of the membrane. However, the
slip may rearrange or bring existing solitons together, enabling
annihilation of existing solitons or separation of newly created
solitons. Because each suspended membrane has a different
random network of solitons, the exact tension or gate voltage
at which these events will occur will vary sample to sample and
depend on the history of gating.
Next, we discuss how to relate the atomistic simulations to

the micron scale resonators quantitatively. First, the simu-
lations are quasistatic calculations of stress at fixed strains,
whereas the electrostatically gated resonators are a fixed force
system. As a result, while the simulations show a slow change
in the stress versus strain for the introduction of a soliton, the
resonators show a sudden jump due to the balancing of the
forces. Second, the effective stress induced by the addition of a
single dislocation will depend on system size. This may be
explained by considering that the change in energy by the
creation of a single soliton is related to a fixed change in length
of one layer stretching over the other layer by the Burgers
vector |b|. The change in length is accommodated by the entire
membrane, thus giving a change in stress of

σΔ = ± | |
E

b
L0 MLG (2)

where |b|= 1.42 Å is the Burgers vector of the tensile soliton in
the zigzag direction,23 and EMLG = 340 N/m is the monolayer
elastic modulus.45 L is the length of the stretched membrane
accommodating the strain (38.7 nm for the simulation or 5 μm
for the diameter of the drumhead membranes).
In Figure 4, we apply eq 2 to compare the size normalized

impact of solitons on stress for both experiment and
simulation. Figure 4b plots Δσ0L versus the relative stress at
which the jump occurs in experiments, simulation, and theory.

Physically, the size-independent Δσ0L can be interpreted as the
work done to create a soliton per unit width. The orange
points are the experimentally derived values from multiple
sweeps on 3 different BS-BLG resonators (Figure S6); the red
point is the value extracted from the simulation in Figure 3b
and Figure S10, and the dashed lines indicate the theoretical
value EMLG|b| ≈ 48.3 nN predicted from eq 2, assuming a
soliton spans the entire length of a system. We are comparing
multiple resonators and systems with a different initial stress,
so the x-axis is plotted as the change in stress at the onset of
soliton dynamics (σjump − σ0), where σjump is the stress just
before the frequency jump.
From Figure 4b, the simulated value for soliton creation

agrees very well with the theoretical value from eq 2.
Experimentally, we observe both positive and negative jumps
in the frequency and thereby both positive and negative
changes in stress. Yet, the magnitude of the jumps is always
within the range of values predicted for the creation or
annihilation of a single soliton (pink region) or |Δσ0L|< 48.3
nN. The measured values are all on the same order but smaller
than the theory because, (1) as seen in Figure 3a, most solitons
are randomly distributed in size and orientation throughout
the membrane, and (2) the stress changes from an individual
soliton will be uniaxial, while we measure the effective biaxial
stress in the membranes.
Finally, we apply the same approach to drumhead

membranes made from other 2D interfaces, namely, twisted
bilayer graphene and Bernal stacked few-layer graphene. Figure
5a,b shows the electrostatic tuning curves of T-BLG and FLG,

respectively. In Figure 5a, the tuning curve for T-BLG is
smooth, with no visible frequency jumps. In contrast, in Figure
5b, the tuning curve for FLG displays a more complex behavior
with many more frequency jumps. These observations are
consistent with our model. According to Figure 3 and previous
measurements demonstrating low friction in twisted graph-
ite,14,22 the magnitude of any changes in stress should be below
the threshold of measurement in twisted interfaces. In contrast,
FLG has multiple Bernal stacked interfaces, leading to more
opportunities for soliton creation/annihilation to occur.
Figures S11 and 12 show consistent behavior in additional
T-BLG and FLG resonators. In Figure S13, we directly
compare the relative magnitude of the frequency jumps in the
different membrane types and find the magnitude of events in
both systems are very similar.
In conclusion, we observed discrete and stochastic frequency

jumps in the tuning curves from BS-BLG resonators,

Figure 4. Impact of solitons on resonator stress. (a) Illustration of
how the creation and annihilation of solitons will impact the
frequency of the resonators, and the relations of stress to frequency
and change in frequency (Δf ∝ Δσ0). (b) Plot of the size normalized
magnitude of stress jumps Δσ0L versus the stress at which a jump
occurs. Orange squares are the changes in stress extracted from
multiple sweeps in 3 separate BS-BLG resonators; the red point is the
value predicted from the simulation. The dashed lines represent the
theoretically predicted value for the creation or annihilation of a single
soliton.

Figure 5. Tuning behavior in other 2D interfaces. (a, b) Frequency vs
gate voltage electrostatic tuning curves for (a) T-BLG and (b) FLG.
T-BLG shows an absence of frequency jumps, while FLG displays
many more frequency jumps than Bernal stacked bilayer graphene.
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corresponding to irreversible changes in the initial tension of
the membranes. We propose a model of soliton creation and
annihilation to explain the frequency jumps. We extend the
measurement to find similar frequency jumps in few-layer
graphene, but not twisted bilayers. These results provide a
foundation to understand and directly probe the mechanics of
other vdW interfaces in 2D heterostructures, which will be
important to engineering mechanically active devices from 2D
heterostructures with applications such as stochastic switch-
ing46 driven by soliton dynamics, electromechanical control of
topological states, and engineering the stiffness in 3D
structures from 2D materials like crumpled electronics18 and
origami nanomachines.16,47
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