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% Check for updates The moiré superlattice, created by stacking van der Waals layered materials

with rotational misalignments, exhibits a multitude of emergent correlated
phenomena ranging from superconductivity to Mott insulating states. In
addition to exotic electronic states, the intricate networks of incommensurate
lattices may give rise to polymer-like viscoelasticity, which combines the
properties of both elastic solids and viscous fluids. This phenomenon may
enrich the dynamics of nanomechanical resonators, in which viscoelasticity
has not played a role thus far. Here, we report on a controllable hysteretic
response of the nanomechanical vibrations in twisted bilayer graphene
membranes, which we attribute to viscoelasticity. Accompanying this hys-
teretic response, we measure unusually large mechanical quality factors Q
reaching a remarkably high value of ~-1900 at room temperature. We interpret
the enhancement of Q as a signature of dissipation dilution, a phenomenon of
considerable interest that has recently been harnessed in quantum opto-
mechanical systems. Viscoelasticity features a “lossless” potential that over-
comes the corrugation registry and reinforces such a dissipation dilution. Our
work introduces the moiré superlattice as a promising system for viscoelasti-
city engineering through rotating angles and for observing emergent nanoe-
lectromechanical couplings.

Viscoelastic materials display the properties of both viscous liquids
and elastic solids' known in amorphous polymers’ and human
tissues’. In response to a mechanical perturbation, viscoelastic
materials exhibit an instantaneous elastic response, followed by a
time-dependent mechanical response and energy dissipation. Such
time-dependent mechanical behaviours (e.g., stress relaxation and

creep)’ have led to the discovery of new materials with many useful
applications®®, but have so far remained elusive in two-dimensional
(2-D) systems. Viscoelastic phenomena may also enrich the dynamics
of nanomechanical resonators®™, in which viscoelasticity has not
played a role thus far. On the one hand, viscoelasticity may increase
dissipation. On the other hand, and counterintuitively, we propose
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that it may lower dissipation following a process akin to dissipation
dilution™.

Stacking 2-D monolayers with rotational misalignment produces a
moiré superlattice that can dramatically alter the electronic structure
of the system 2, The emergence of an ultra-flat band near the Fermi
energy for twisted bilayer graphene (TBG) with a ‘magic angle’ (MA,
6 ~ 11°) is fundamental to the variety of correlated electronic
phases®®. For such a small twist angle, the atomic structural
relaxation” ¢ forces the superlattice into an energetically favourable
commensurate state by gaining van der Waals energy (pinned state). In
contrast, the short moiré period A(8) = {2—+—c55‘6’ where a is the lattice
parameter of graphene, of TBG with a larger twist angle leads to an
incommensurate superlattice with quasi-crystalline orders?. Such
incommensurate contacting surfaces would slide with negligible fric-
tion if they were laterally stiff, a phenomenon called structural
superlubricity®=>2, However, the competition between sliding and
pinning in a structurally lubric 2-D interface could make TBGs with an
intermediate twist angle retain viscoelastic behaviours, which could
offer a basis for developing viscoelastic nanomechanical resonators.

Here, using optomechanical techniques and optical spectroscopy,
we measure the vibrations of nanoelectromechanical resonators made
of TBG with a moderate twist angle and observe butterfly-shaped
hysteresis loops of their resonant frequencies as a function of a gate
voltage, a phenomenon we interpret as a viscoelastic behaviour. We
study how the shape of these frequency loops evolves as the range and
the stepping rate of the gate voltage are changed. Importantly, our
observations are repeatable and controllable in all of our devices.
Furthermore, by continuously increasing the electrostatic pressure
applied to the membrane, we find that the mechanical quality factor Q
is significantly enhanced at room temperature, a counter-intuitive
phenomenon we ascribe to dissipation dilution® that is reinforced by
the reduced intrinsic dissipation. Our work introduces mechanical
resonators made from moiré superlattices as promising systems for
viscoelasticity engineering through rotating angles, and as dynamic
probes to control emergent nanoelectromechanical couplings®>*.

Results

Large TBG drumhead resonators

The TBG drumhead nanomechanical resonators are prepared by a
‘tear-and-stack’ method using both wet and dry transfer techniques
(see Methods). Supplementary Table S1 presents our devices based on
their size, their twist angle, and the transfer technique we have used.
Figure 1a displays the TBG drums, suspended over cylindrical cavities,
that we have investigated. They are labelled as drum 1 (diameter
D = 6 um), drum 2 (D = 8 um) and drum 3 (D = 12 um) in Device A. A
moderate twist angle 6 - 12° was set during the fabrication and
extracted from micro-Raman spectroscopy measurements (see
Methods). To drive the flexural vibrations of the drums, a time-
dependent gate voltage is applied to the Ti/Au leads as shown in
Fig. 1b. The DC component of the resulting force allows us to control
the static deflection § and the deflection-induced in-plane stress and
strain, while the AC voltage provides a harmonic driving force that
actuates the TBG drums. A single laser beam is used to inter-
ferometrically measure the mechanical responses of the TBG drums
and to simultaneously record the micro-Raman scattering responses of
the membrane®. All measurements are performed at room tempera-
ture under high vacuum (see Methods).

We first estimate 0 from the moiré superlattice-activated Raman
mode. Figure 1c shows the Raman spectrum of the suspended TBG
measured at the centre of drum 2 with a 532 nm excitation (see
Methods), which shows two main features: the strong G mode and the
weak R’ mode, arising from the zone-centred (i.e., zero momentum)
phonons and the moiré superlattice-activated phonons with momen-
tum g(0) = % sin(g) (as shown in the inset to Fig. 1c), respectively. The
value of 8 is extracted from the frequency of the R" mode, which is
close to the target value specified in the fabrications. Figure 1d shows
the positions of the R’ mode and of the G mode as the gate voltage V.
decreases from O Vto -9 V. Surprisingly, both modes are less sensitive
to V., within our experimental accuracy, than the G mode in mono-
layer graphene (MLG)*. Meanwhile, the intensity of the G mode
remains almost unchanged for V4. down to — 5V before decreasing by
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Fig. 1| Characterisations of TBG drum and butterfly-shaped hysteresis loop.
a Optical image of Device A with three TBG drums (1, 2, 3) contacted by a Ti/Au lead.
The right panel shows the schematics of the moiré pattern formed by a twist angle
of 8-12°, where alternating AA, AB and, BA stacked regions appear (scale bar:1 nm).
b Sketch of our experiment combining electrostatic actuation, optical displace-
ment readout, and micro-Raman spectroscopy. The TBG (with its static displace-
ment §) is represented by the dark blue dashed line; its flexural motion is sketched
in light blue. M, LEF, and APD represent a mirror, a long-pass edge filter, and an
avalanche photodiode, respectively. ¢ Raman spectrum of TBG measured at the

Ve (V)

Ve (V)

centre of drum 2 (D = 8 um) by excitation at 532 nm plus the extended spectral
region for the R” mode. Inset: a mini-Brillouin zone with a twist angle dependent
lattice vector g(6). d The frequencies of the G and the R" modes extracted from
Raman spectra measured with Vg4 varying from — 9V to O V. The straight dashed
line is a guide for the eye. Error bars are extracted from the fits to the Raman
spectra. e The resonant mechanical response measured in drum 3 (D = 12 um) at
V4c=-10Vshows a large Q of ~1900 at room temperature. f Mechanical frequency
responses measured with V4. undergoing the forward-then-backward sweep
sequence (indicated by arrows), forming a butterfly-shaped hysteresis loop.
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Fig. 2 | Rate and time dependent hysteresis loops and gate tuning of the quality
factors Q. a Resonant frequency loops at different step rates, dVy/dt. O, [, ¢
correspond to a slow, medium, and fast step rate, respectively. The arrows indicate
the direction of the sweep. b Schematic of the flexural drum vibration (top panel)
and the reduced viscoelastic model (bottom panel). The membrane flexural motion
is modelled by a mass (M) connected to a spring (k) and a dashpot (r) in parallel
(Kelvin-Voigt model) to include the effects of viscoelasticity. D is the diameter of
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the drum. ¢ Experimental and fitted (e =2.67 x10™ and 1, =10.5 x 10" Pas) reso-
nant frequency loop under the slow stepping rate (O). d Experimental and calcu-
lated AV, as a function of dVy/dt. e Evolution of f; and Q upon repeating the
forward-then-backward step sweep of V4 in three consecutive rounds (1st, 2nd,
3rd) for two traces (trace 1 and trace 2) corresponding to different initialisations. ¢
is the time interval (only denoted between two different rounds) when the step
direction is reversed.

~10% at Vg. = — 9 V (see Fig. Slc and Methods). These observations
indicate that the Vyinduced tensile strain is negligible compared to
the initial built-in strain (¢y), which means that our TBG drums are
under high tensile stress.

Large Q at room temperature

Figure 1e shows the mechanical response of drum 3 (D = 12 um) at
V4e = — 10 V. The resonant frequency f, and corresponding Q are
extracted by fitting a linear harmonic resonator model to the mea-
sured response (see Methods). The largest Q we measure reaches
~1900 at room temperature, more than one order of magnitude higher
than Q in graphene resonators at room temperature’. Note that such
large Q appears at the gate voltage far from the near-zero DC bias, in
contrast to graphene resonators®. We observe that resonances with
unusually large Q exhibit a butterfly-shaped hysteresis loop as the gate
voltage is cycled.

Butterfly-shaped hysteresis loop

To measure the hysteretic nanomechanical responses, we increase and
decrease the gate voltage in cycles. Figure 1f shows the amplitude
response as a function of drive frequency and V4. under a forward-
then-backward sweep between V4.=+ 9.5V, forming a butterfly-
shaped hysteresis loop that crosses at V4. = 0 V (white-dashed arrows

in Fig. 1f). Within the butterfly-shaped hysteresis loop, f; increases by
only ~ 5%, which is far less than the typical value of ~50% in the low-
tensioned MLG drum®. Note that all of the mechanical data in this
study are from drum 2 in Device A unless otherwise stated. The
butterfly-shaped hysteresis loop also shrinks as the sweep range
decreases (Fig. S5a). We find that such viscoelastic responses can be
controllably obtained by specifying 6 close to 15° in our TBG drums,
whereas the TBG with 6=0° does not show a butterfly-shaped hys-
teresis loop. Supplementary Section S3 provides the statistics on the
hysteresis loops of our TBG drums with increasing 6. It suggests that
the viscoelasticity in TBG drums is angle-dependent, as we dis-
cuss below.

Viscoelastic behaviours

To study the dependence of the shape of the frequency loop on the
step rate dVy/dt, in Fig. 2a we show the hysteresis loops measured at
three different values of dVy./dt. They have been recorded in a
backward-then-forward sequence with a step size of 0.25 V. Remark-
ably, the maximal f; reached by the loop is revealed with the slow step
rate. Furthermore, the width of the hysteresis loop, AV, defined by
the largest Vg shift between the forward and backward traces, shows a
non-linear monotonic increase with increasing dV4./d¢, as shown by
the experimental data in Fig. 2d.
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Fig. 3 | Viscoelastic dissipation dilution. a Quality factors Q corresponding to
Fig. 2c for both forward and backward sweeps. b Q extracted from the mechanical
response spectra and as a function of V. for drum 1 (D = 6 um), drum 2 (D = 8 um)
and drum 3 (D = 12 um), respectively. The dashed arrows denote the Q jumps
revealed in drum 3. The solid lines in (a, b) are linear fits to the experimental data
(see Supplementary section S2.2). ¢ Top panel: the extended Kelvin-Voigt model,
i.e., the intrinsic friction dashpot r; is added in parallel to the model that has been
introduced in Fig. 2b, but here 7 is explicitly replaced by a “lossless" viscoelastic
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spring ks. Bottom panel: a cartoon of the Prandtl-Tomlison model, where the tip
slides on top of a one-dimensional chain of springs, which moves on top of a fixed
potential. d The Vy.-dependent Q extracted from the ring-down measurements
(Ring.) and fitting of the mechanical responses (M.R.) in drum 11 (D = 12 um) of
Device E. Error bars in the traces of Ring. and M.R. are extracted from the fits of
energy decay and mechanical responses, respectively. Note that the ringdown trace
has been shifted up by 50 for direct comparison (see Methods). e Energy decay
traces (in log scale) at different V. in drum 11 (D =12 um) of Device E (see Methods).

Below we consider various mechanisms that may explain our
observations. We rule out contamination as the origin of the viscoe-
lastic behaviour by reproducing the hysteresis loop on optimally clean
TBG drums fabricated by the all-dry transfer method (see Supple-
mentary section S1.4 for surface characterization by atomic force
microscopy). Euler instabilities*® and mechanically conservative
nonlinearities®, which would also give rise to hysteresis frequency
loops, can be safely ruled out. Nonlinearities can be disregarded
because the shape of our frequency loops does not depend on the
strength of the driving force (Fig. S9). Sliding motion at the clamping
points can also be excluded because such a sliding produces a plateau
for f, near the switching points®.

Alternatively, a process that may account for our observations is a
viscoelastic one. We model the TBG drums as a spring and a dashpot
connected in parallel (Fig. 2b), known as the Kelvin-Voigt model (KVM),
to include the effects of viscoelasticity'. The constitutive relation is
expressed as a first-order linear differential equation, o=E (e+ra$),
where o is stress, € is strain, £ is Young’s modulus, 7, = n/E is the
relaxation time, with 5 the viscosity of the material. Based on this
constitutive equation, the resonant frequency of TBG drums is
expressed as (see Methods):

1 E
fr—EHW(ko*'ks) @)

with the normal term k, = 2¢, + 322, the viscoelastic term kg = 37,2 &,
where z=§/D is the dimensionless deflection at the centre of the drum,
€o is the built-in strain, 7,5 = ns/E with ns the viscosity of the dashpot,
and meg is the effective mass of the vibrational mode. The dynamical
equation of motion for z can be constructed from the force
equilibrium relation (see Methods). The parameters obtained by
numerically solving the dynamical equation are plugged into Eq. (1) to
calculate f;. Using these experimental parameters, the KVM repro-
duces the shape of the frequency loops well, as shown in Fig. 2c for a
slow step rate (see Supplementary section S2.2 for the fits to butterfly-
shaped loops and the stepping-dependent butterfly-shaped loops).
The model also reproduces the relationship between AVy. and dVy./dt

(Fig. 2d). The implications of the non-linear relationship revealed in
Fig. 2d are twofold: first, AVy. will decrease to zero for an extremely
slow rate, namely without any hysteresis loop; second, AVg4. will
saturate for a fast rate, corresponding to the case where the dynamic
system can not follow the external stimuli. Therefore, the time
dependence of f; is slow on the scale of the ring-down time and on
the scale of the vibrational period.

To gain an intuitive understanding of the behaviour of TBG drums
as the gate voltage is cycled, we estimate the damping force, Fy=S-
1, 9€ ~ 1.859 10~ N, with S the surface area of the drum and viscous
energy losses £,=S - § 1 % de ~ 1.41x1072 J, based on the frequency
loop in Fig. 2c which we fit with two parameters, namely €o = 2.67 x10™*
and ns = 10.5 x 10® Pa s, yielding 7,5 = 10* s. Our damping force cor-
responds to a shear stress y = F4/S = 3.7 MPa, which is larger than in
bilayer graphene®, but comparable to that in twisted MoS,”. The
proportions of ko and ks corresponding to Fig. 1e and Fig. 2c are pro-
vided in Fig. S6b and Fig. S7c, respectively. We find that the increase in

fr within the frequency loop can be fully accounted for by the viscoe-

lastic spring constant k. For drum 4 in Device B where V. is cycled
between -5Vand -1V, we obtain €, =3.82 x10™, ns=8.9 x 10¥ Pa s,
T, = 10%s, F4~2.867 x 107* N, E, = 61 x 10™], and y = 2.5 MPa.

We further test the dynamic nature of the system by repeating the
backward-then-forward sweeps in three consecutive rounds, as shown
in Fig. 2e. Two traces are recorded, corresponding to different initial f;.
A slow convergence to a steady state, where a perfect loop, i.e., with no
gaps or crossings at the switching points, is observed in the third
round. Trace 2 shows a much smoother path as its initial f; closed to the
steady state.

Furthermore, within a resonant frequency loop, we find that Q
follows f;, both increasing and decreasing concomitantly. The tun-
ability of Q shows an approximately linear increase as decreasing gate
voltage (Fig. 2e). Such enhancements of Q are expected to depend on
the gate voltage stepping rate (see Fig. S11a) via k; as discussed above.
These observations are in stark contrast to the conventional phe-
nomena for 2-D nanoelectromechanical resonators, where the Q
decreases rapidly with increasing electrostatic pressure, which is still a
subject of debate®.
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Viscoelastic dissipation dilution

To explore the mechanism of energy dissipation related to high-
frequency mechanical vibrations (tens of MHz), in Fig. 3a we show Q
extracted from the frequency loop corresponding to Fig. 2c, where the
linear increments with slightly different slopes are revealed for for-
ward and backward sweeps with a step size of 0.25 V. The different
increments in Q under other step rates are given in Fig. S11a. Figure 3b
summarises Q as a function of Vg for three drums in Device A. The
large drum tends to have a large Q, which is consistent with many
reports in the literature*°. There are also a few jumps in Q, as shown in
Fig. 3b for drum 3 under a large gate voltage sweep. Such an obser-
vation may suggest the existence of further stick-slip actions beyond
the atomic scale®.

Firstly, we use our estimates of s and €q to estimate the contribu-
tion of dissipation dilution in our measurements. The phenomenon of
dissipation dilution refers to the reduction in energy dissipation from the
contribution of a lossless potential that stores part of the elastic energy
of mechanical resonators. The lossless potential may originate from e.g.,
a geometrical nonlinear deformation. Such dissipation dilution could
not explain our observations, since the small elastic energy increments
are fully accounted for by the viscoelastic term & in Eq. (1). However, due
to a long viscoelastic relaxation time (t,s = 10* s for drum 2) compared to
the vibrational period =107 s, such a term can play a similar role as that
of a nonlinear deformation to store elastic energy and contribute a
“lossless” spring constant ks within the period of the oscillator. In order
to provide an intuitive picture, we propose an extended KVM (Fig. 3¢, top
panel), where the intrinsic dissipation is modelled by a new dashpot (1;)
in parallel to the spring (ko) and viscoelastic dashpot (175) that have been
introduced in Fig. 2b, but here ns has been replaced by k. The intrinsic Q
can be defined by the material loss tangent, Q. = 1/tan(¢p), where ¢ is the
phase lag between stress and strain. Q is characterised by Q=Dg % Qin,
where Do = (1+ky/ko) is called the dilution coefficient. Based on the
outputs from KVM (see Fig. S7), Do =1.06 is found for V4.=-9.5V as
compared to Vg4.=-6V, which is less than the experimental Dq = 1.20
(forward) and Dg, = 1.22 (backward), as shown in Fig. 3a.

We further estimate the impacts of ks on intrinsic damping rate
I = f/Qine, Which is not included in the conventional model of dissipa-
tion dilution™. The extracted I' corresponding to Fig. 3b is shown
in Fig. S10a. Notably, three drums in Device A follow a similar slope of
~ 3 kHz V™. Intrinsic damping arises from the atomic-scale stick-slip
behaviour that gives rise to friction. It is commonly interpreted by the
Prandtl-Tomlinson model, where a particle is pulled by a linear spring
of stiffness kg4 to slide on a periodic energy landscape (Fig. 3¢, bottom
panel). The stick-slip action only occurs if the corrugation registration
energy is large enough, i.e., 2Eqm/kgb* > 1, where Eq and b are the
amplitude and period of the energy corrugation*?. Otherwise, the stick-
slip behaviour would undergo the transition to continuous motion
without dissipation, thus reducing I. The viscoelastic stiffness ks cre-
ates a lateral, time-dependent heterostrain that makes the atom slide
on a lattice (Fig. 3c, bottom panel), and as such can be considered as a
driving k4. The sliding resistance can be reduced or even eliminated by
increasing ks by V., reinforcing the effect of dissipation dilution.

Our mechanism of reinforced viscoelastic dissipation dilution is
markedly different from the electrical tuning of Q in nanotubes***. It is
also different from the electrical tuning of Q in graphene due to Ohmic
dissipation, where Q decreases as |V increases®™. Because our mea-
surements do not involve charge transport through the resonator, we
believe that the phenomena we observe have a purely mechanical
origin. Remarkably, a transition from the purely mechanical region
with enhanced Q to the usual electrostatic region with decreased Q as
increasing |Vy| is revealed for with 6 ~ 4° (Fig. 3d), with 6 ~ 10. 5°
(Fig. S16d) and another drum of 8 ~ 12° (Device G) with a small built-in
strain introduced by annealing (Fig. S8i). In fact, we can separate the
dissipation as 1/Q = 1/Qnormal + 1/Quiscoelastic- Thus, if the normal term
competes with the viscoelastic one, either by reducing €, as in Device G

or by reducing viscosity in the case of a small twist angle (Device E), the
electrostatic region with decreased Q returns.

To obtain the direct information on the dissipation dynamics, we
further perform the ring-down measurements (see Methods) in drum
11 of Device E. The vibrational amplitude at resonant frequency decays
exponentially in time as « ¢@” upon stopping the drive, with 7 the
decay time constant, which gives Q = 2rtf,7. The energy decay traces (in
log scale) corresponding to different V4. are shown in Fig. 3e. Q
obtained from the ring-down measurements is identical to the trajec-
tory extracted by fitting of the mechanical responses (Fig. 3d). Further
controlled ring-down measurements using gate voltage pulses or tiny
ramps to capture the discrete Q jumps (as shown in Fig. 3b) are needed
to elucidate the underlying mechanism.

Discussion

Finally, we discuss the origin of the viscoelasticity revealed in our TBG
drums. For small 6, e.g., MA, the incommensurate lattice with neigh-
bouring AA, AB, and BA stacking domains will spontaneously transform
into a commensurate one by gaining interlayer interaction energy. Thus,
they have to overcome a relatively large E, in order to slide, similarly to
commensurate AA- and AB-stacked bilayer graphene. By contrast, an
incommensurate lattice can overcome £, and easily enable interfacial
sliding, up to the extreme of superlubricity. Thus, two MLG sheets in an
incommensurate TBG with a twist angle between two extremes tend to
behave individually, similarly to the molecular chains in a polymer.

Figure 4a shows the prototypical nanofriction setup for Molecular
dynamics (MD) simulations. Figure 4b shows that the predicted coef-
ficient of friction (COF) from MD simulations (see Methods) decreases
with increasing 6 between 10° and 14°. Indeed, the butterfly-shaped
hysteresis loops are more easily revealed on TBG with 6 ~ 13. 5°
(Fig. S8j), 8 ~ 12° (Fig. S8f-h, i) than 6 ~ 4° (Fig. S8c-e), 6 ~ 1. 1° (Fig. S8k),
6 ~ 0. 4° (Fig. S8b) in our studies. In particular, TBG with very small
6~ 0. 4° (Fig. S8b) and the bilayer graphene (Fig. S8a) do not show any
hysteresis loops, instead, they show a capacitive softening of their
spring constant as | Vg is increased*®. To obtain an intuitive picture, we
further simulate the COF of TBG under heterostrain. The COF shows
dual-scale oscillations due to both atomic and moiré-scale dual-peri-
odic friction force as expected. More importantly, our simulation
indicates that COF follows a linear decreasing trend with the applied
heterostrain, which could explain the revealed linear trend in damping
rates (Fig. S10a).

The observed transition from capacitive softening (bilayer gra-
phene drum) to butterfly-shaped hysteresis loops (softening-to-but-
terfly transition) with increasing 0 suggests that viscoelasticity in TBG
is angle-dependent (see Fig. S8). We extend our KVM to include
capacitive softening effects (see Methods) and reproduce this
softening-to-butterfly transition as the strength of viscoelasticity (rs)
increases, as shown in Fig. 5. It directly introduces the twist angle as an
effective knob that tunes viscoelasticity in moiré superlattices.

In conclusion, we report on viscoelasticity in TBGs with different
misalignments. The viscoelasticity originates from sliding between
two incommensurate layers. The resonant frequency loops show a
strong dependence on gate voltage and are well reproduced by our
viscoelastic model. The lateral, time-dependent stiffness resulting
from the viscoelasticity contributes a “lossless” potential for
mechanical vibrations and dramatically reduces the intrinsic damp-
ing rates, providing a remarkably high value of Q -~ 1900 at room
temperature. The revealed viscoelasticity originates from interfacial
sliding enabled by both an incommensurate lattice and a strong built-
in strain.

Our work introduces twisted 2-D systems with rotational freedom
as a platform for viscoelasticity engineering in ultra-thin membranes.
The remarkably high Q make TBGs promising for the study of nanos-
cale friction and emergent nanoelectromechanical and spin-
mechanical couplings. These are regularly achieved, by further
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increasing the drum size to increase Q and at cryogenic temperatures,
or by tensioning twisted membranes based on microelec-
tromechanical systems*’. The embedded nature of nanomechanical
resonators and their extreme sensitivity to the environments enable
the study of correlated phase transition, atomic or lattice dynamics
and thermodynamics. Going one step further, with the emergence of
2-D systems with robust magnetic order and topological phases*®, we
foresee new opportunities to explore and exploit viscoelastic proper-
ties, for example, to construct new generation of dynamically slippable
microsystems*’ and reconfigurable interfaces™.

Methods

Device fabrication

The TBG drumhead nanoelectromechanical resonators were prepared
in two sequential parts, including the TBG flake preparation and
deterministic transfer onto pre-patterned holes. A “tear-and-stack”
method was used to obtain large TBG flakes: first, large monolayer
graphene flakes were randomly deposited on 285nm-SiO,/Si sub-
strates, using a thermally assisted mechanical exfoliation scheme as
described in ref. 51. The thickness of the graphene was confirmed by
micro-Raman spectroscopy. The target flake is then rapidly cut into
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Fig. 4 | Reduced friction by lateral heterostrain. a Top view of prototypical
nanofriction setup for Molecular dynamics (MD) simulations: a hexagonal AB-
stacked bilayer graphene flake is sliding (as indicated by the red arrow) on a rec-
tangular AB-stacked bilayer graphene substrate. b The coefficient of friction (COF)
in the TBGs with 1% heterostrain as a function of twist angle, which follows a
decreasing trend. The right axis shows the moiré wavevector g(6). Inset: the moiré

patterns formed by the twist angles of 10° and 14°. ¢ COF as a function of time for
the cases with no heterostrain 0%, 0.5% and 1% heterostrain cases under a normal
force of 2 GPa for the TBG with 0 - 11.64° (see Methods), showing the dual-scale
oscillations. The dark-dashed line indicates the line cut for the extraction of the
COF in (d). d Reduced COF with increasing heterostrain level, which follows a linear
decreasing trend.
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Fig. 5 | Softening-to-butterfly transition. a-f The resonant frequency tuning

calculated by KVM with capacitive softening (see Methods) as 7 increases from O to

4.5x10" Pas, which shows the transition from the capacitive softening to the

butterfly-shaped hysteresis loop. The experimental butterfly loop in (e) is measured
in drum 8 (D =8 um) of Device D with 6 ~ 12°.
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two halves of similar size using a diamond tip, of which one half is
picked up either by a capillary force assisted wet transfer
techniques®>*® or by a van der Waals force assisted dry transfer tech-
niques. The wet transfer method: in practice, a polydimethylsiloxane
(PDMS) stamp is first applied to the substrate with the contact
boundary moving smoothly towards the cutting scratch, eventually
covering half of the graphene flake. Care should be taken not to
completely cover the scratch. A water droplet is injected from the side
entrance of the substrate, spreads out and makes contact between the
PDMS and another half graphene supported by capillary force, and
finally dries naturally, while attaching the graphene flake to the PDMS
stamp. This lifted graphene flake (PDMS/graphene) is then pressed
onto the one left on the substrate at a specified angle of rotation by a
high-precision rotary stage, which removes the attached graphene and
deposits a TBG flake on the substrate. In the second part, another
PDMS stamp picks up the stacked flake and deposits it onto a pre-
patterned substrate that has been treated with oxygen plasma to
increase adhesion. The dry transfer method: one sizeable h-BN flake
with a well-defined window is used to successively pick up two halves
of the graphene flake and then deposits it onto a pre-patterned sub-
strate (Fig. S4d). The pattern is created by optical lithography followed
by reactive ion etching and consists of hole arrays (4, 6, 8, 10, and
12 um in diameter and 250 + 5 nm in depth) completely separated or
connected by 1um-wide ventilation channels (Supplementary Sec-
tion S1.1). Ti(5 nm)/Au(45nm) contacts close to hole arrays are eva-
porated by electron beam. We have carefully optimised the entire
fabrication process to minimise ripping and crumpling effects, as
evidenced by the moderate Q found on TBG drums with different twist
angles and good surface quality measured by atomic force micro-
scopy (Fig. S4).

Optomechanical measurements

Electrically connected TBG drums are mounted in a vacuum chamber
(6 x10°mbar). The drum arrays are capacitively driven using the
heavily n-type doped Si wafer as a backgate, and a time-dependent
gate bias Vy(t)=V4. +V,.cos Qt is applied as described in the main
text. The electrostatic force applied is given by
Fo=€,mD*VZ(t)/8d%(§), where D is the diameter of the drum, €, is the
vacuum dielectric constant, d(§) = (dy,c — §) *+dsio, /€sio, is the effec-
tive distance between the TBG drum and the Si substrate, where is the
static displacement at the centre of the drum, d,,. is the distance
between the TBG drum and SiO, in the absence of any gate bias, dg;, is
the thickness of the residual SiO, layer. This force includes a static
component proportional to Vf,c, which determines the value of §, and a
harmonic driving force proportional to V4.V ,. cos(Q¢). Note that since
Va.e<IV4l, we can safely neglect the force Vﬁc(1+ cos(2Qt))
throughout our analysis. At the same time, we always use a low drive
power to avoid any vibration nonlinearities (Supplementary Sec-
tion S6). A 632.8 nm He-Ne continuous wave laser with a power of ~150
KW is focused onto a ~ 1.2 um-diameter spot and is used for opto-
mechanical measurements. The opto-thermal effects on Q are safely
excluded by measuring at different laser powers (Supplementary
Section S7). Unless otherwise stated, measurements are made at the
centre of the drum. The beam reflected from the cavity of Si/SiO,/
vacuum/TBG layered geometry is detected by an avalanche photo-
diode. In the driven regime, the mechanical amplitude at f = Q/2m is
readout using a lock-in amplifier. The values of f; and Q are extracted
by fitting the mechanical response with linear response theory of a
driven harmonic oscillator. The amplitude (zo) of mechanical dis-
placement z = zo€?™ is expressed as>

=~ 2
|ZO‘2_ 1 (Fel/meff)

Slemt 227 r o)

2

where F, is the effective applied electrostatic force, me is the effec-
tive mass density which takes into account the shape of the vibrational
mode**. Note that the formal data collection on the TBG drums without
any ventilation channels was performed after waiting more than five
days and continuing for two or three weeks.

Sweeping measurements

An automatic programme based on Python is launched to perform the
forward and backward sweeps, implemented on a lock-in amplifier.
The forward-then-backward, backward-then-forward, and multiple
sweep functions are constructed by specific scripts. By default, the
program creates a time interval when the sweep direction is changed.
The specific step size is defined by the program. To calculate the step
rates, we divide the total run time by the specified step size, which is
further cross-checked by the time it takes to run a frequency sweep
process on the lock-in amplifier with the same configurations. Note
that we do not set up the initial state by program, instead, we manually
change the applied Vy4. with a small step size (typically, of 0.1 V), to
avoiding collapsing TBG drums (especially those with D = 12 um, see
Supplementary Section S1.2) and to allow the dynamic system to reach
a steady state before loading any sweep programs.

Optical micro-spectroscopy

Raman spectra are recorded on our custom-designed SmartRaman
system, which uses a 550 mm monochromator equipped with an 1800
grooves/mm grating, coupled to a cooled CCD array. The Raman sig-
nals excited at 632.8 nm or 532 nm are filtered using ultra-steep long-
pass edge filters. The laser power is kept below ~ 0.4 mW to avoid any
heating of the sample. The Raman R" mode and G mode spectra are
fitted with a Lorentzian function. The value of 8 can be estimated
directly from the frequency of the R" mode whose involved phonon
momentum g(0) = %sin(g), where a is the lattice parameter of gra-
phene. Raman enhancements due to the van Hove singularities in the
conduction and valence bands occur at the critical twist angle
0= ,130‘:%, where uf is the Fermi velocity in monolayer graphene, £,
excitation energy®. For an excitation of 532 nm (632.8 nm), 6 - 12. 3°
(10.3°). So we use 632.8 nm excitation for spectra measurements on
TBGs with 8 ~ 10°, and 532 nm for TBGs with 6 - 12° and 6 - 13. 5°. In
addition, the Raman intensity of the G mode is designed to increase
monotonically as the membrane moves towards the bottom of the
holes (see Supplementary Section S1.1). Thus, the detected - 10%
decrease in Raman G mode intensity can be attributed to the small
changes in twist angle which keeps away from 6c. In fact, an increasing
trend in Raman G mode intensity was observed for TBG with 6 - 10. 5°
(Fig. S16b) and the as-annealed TBG with 8 - 12° (Fig. S3c).

Ring-down measurements

The ring-down measurements were performed with a dual-channel
(CH1 and CH2) arbitrary waveform generator (AWG). A burst signal
from the external triggered burst mode in CH1 with the carrier fre-
quency same to the resonant frequency is used to drive the mechanical
resonator. CH2 is used to provide a square wave (typically 1 kHz with a
50% duty cycle) as the external trigger for both CH1 and an oscillo-
scope (with a sampling rate of 5 GSa s™). We also used a low-noise
amplifier (voltage gain of 125, noise figure of 1 dB) to amplify the
output voltage of the avalanche photodiode. We first run a backward
voltage sweep starting at V4. = 0 V, with a typical step size of -0.25V,
from which Q is extracted by fitting the mechanical responses. The
same V. history is required for comparison with the ring-down mea-
surement (Fig. 3e). Therefore, we gradually recovered to V4. =0V and
waited an hour or two before performing the ring-down measurement.
In the meantime, we keep the same time interval in the ring-down
measurement as in the gate voltage sweeps. The time traces recorded
by the oscilloscope are further field averaged 2048 times. To extract
the envelope of the averaged traces, a bandpass filter (with a
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bandwidth of 400 kHz) is applied, followed by a standard low-pass
filtering of the vibration power. The vibrational amplitude decays
exponentially in time as = ¢7@?, where T is the decay time constant,
yielding Q = 2nf,7. Note that we use vibrational amplitude field aver-
aging rather than offline post-power averaging>®, which may account
for the offset shown in Fig. 3d.

Viscoelasticity modelling

The drumhead resonator is modelled as a pre-tensioned, suspended
membrane resonator with fixed boundaries and a parabolic mode
shape. The strain at membrane deflection is therefore given by
€=¢€, + 4, where z=§/Dis the dimensionless deflection at the centre of
the drum. The corresponding stress is related to strain by a Kelvin-
Voigt constitutive relation, O:Ee+rz%, where E is Young's modulus
and n is viscosity coefficient. The total mechanical energy of the
membrane is defined by U, = ¥ 0 - €, where Vis the total volume of the
TBG drum, from which the restoring force is further obtained by

10Uy

Fres= — 5 - =52 Together with the electrostatic pressure F introduced

above, the dynamical equation for z can be constructed by:

&’z Fy E 2 3,)\dz
=< - + =+ + = hund 3
de2 VDmey  4D*m g (2602 2 o <€° i > dt> 3

where mcg is the effective mass density account for the mode profile of
fundamental resonance in a rigidly clamped circular drum®, 7, = p/E is
the viscoelastic relaxation time. The corresponding resonant fre-
quency is given by Eq. (1) in the main text, which is calculated by the
output parameters from the numerical solution of the above dyna-
mical equation. Here €y and 7 are the only two free parameters to fit the
experimental frequency loops.

The effect of capacitive softening induced by F¢*® on the model is
further included by replacing F(1+ 2702) in Eq. (3). Accordingly, the
resonant frequency is expressed as:

1 E
frzzlt\/(k0+ks_kc) (4)

4m 5 D?

2
with the capacitive softening term k. = 8?;}2 . It will reduce to the usual

expression for capacitive softening if ks = 0, that is, no viscosity.

Molecular dynamics simulations

MD simulations are performed using the LAMMPS package. The TBG
system consists of a rectangular AB-stacked bilayer graphene sub-
strate and a hexagonal AB-stacked bilayer graphene flake. We set the
twist angle between the substrate and the flake to 11.64°, i.e., the twist
angle of bilayer graphene O1p¢ ~ 11.64°, which is close to the experi-
ment. Uniaxial-strain of 0%, 0.5%, 1% is applied to the substrate by
changing the coordinates of the carbon atoms to study the effect of
heterostrain on the TBG system. The intralayer C-C interactions of
graphene are described by the reactive empirical bond order
potential, while the interlayer interaction described by the
Kolmogorov-Crespi potential”*®, To investigate the stable state of
the TBG system, we first relax the system out-of-plane while keeping
the time-dependent size fixed to maintain the heterostrain. The
system is relaxed with an NVT ensemble for 50 ps at a constant
temperature of 0.1 K. A load of 2 GPa is then applied to the top layer
of the flake to ensure stable contact. The bottom layer of the sub-
strate is fixed and the flake moves along the x-direction with a driving
speed of 10 m s™ provided by the top layer of the flake to mimic the
interlayer sliding of TBG. The sliding process is simulated at a tem-
perature of 0.1 K.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are openly available
on Zenodo at https://doi.org/10.5281/zenodo.15098766. Additional
data are available from the corresponding author upon reasonable
request.
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