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Nanomechanical measurements of minimally twisted van der
Waals materials remained elusive despite their fundamental
importance for device realisation. Here, we use Ultrasonic Force
Microscopy (UFM) to locally quantify the variation of out-of-plane
Young's modulus in minimally twisted double bilayer graphene
(TDBG). We reveal a softening of the Young's modulus by 7%
and 17% along single and double domain walls, respectively.
Our experimental results are confirmed by force-field relaxation
models. This study highlights the strong tunability of nanome-
chanical properties in engineered twisted materials, and paves the
way for future applications of designer 2D nanomechanical systems.

Introduction

Recent studies showed that the twist angle between van der
Waals-stacked two-dimensional (2D) atomic layers strongly im-
pacts their electrical, optical or magnetic properties~7Z. Less in-
vestigated, however, is the influence of twisting on nanomechan-
ical properties®10.  Strain accumulation at domain boundaries
in the moiré superlattice is expected to have significant impact
on the mechanical properties of twisted materials™., which could
play a role in the frustration of flat band formation™™2 or the
formation of a stacking domain structure3, However, while the
commensurate-incommensurate transition in graphene on hexag-
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onal boron nitride has been reported using nanomechanical mi-
croscopy[E, a full quantification of nanomechanics in twisted 2D
materials is to date missing.

Here, we use the Ultrasonic Force Microscopy (UFM) method
(see Figure , which is based on contact Atomic Force Mi-
croscopy (AFM), to investigate quantitatively the local mechan-
ical properties of minimally Twisted Double Bilayer Graphene
(TDBG). TDBG provides a rich testbed for local mechanical stud-
ies as it contains single and double domain boundaries separating
commensurate stacking domains®3. This allows us to reveal local
variation of out-of-plane Young’s modulus induced by stacking-
domain boundaries of the moiré pattern. Our results are com-
pared to force-field relaxation models, which compute the struc-
tural morphology of the twisted pattern and Young’s modulus
variations across the sample.

Ultrasonic Force Microscopy (UFM) directly probes the material
stiffness under the AFM tip thanks to a high frequency mechani-
cal actuation of the sample and non-linear detection of ultrasonic
vibrations®?. In the UFM setup, a ceramic piezoelectric trans-
ducer is used to mechanically vibrate the sample at ultrasonic
frequency (~ 4 MHz) (see Figure [Th). At such frequency, much
higher than the cantilever fundamental free resonance, the probe
cannot follow the sample vibration. Thus, the cantilever becomes
effectively stiff with a spring constant around 10* Nm~!18 As
a consequence, the tip is able to indent into both soft and hard
materials18-20,

Figure [Ib shows the dependence of the normal force F from the
indentation h. The latter is modulated sinusoidally around 4. For
small oscillations (Ahg), the normal force averaged over one mod-
ulation cycle remains equal to F; (see Fig. and ¢) and no de-
tectable cantilever displacement is produced. Nevertheless, when
the excitation amplitude is increased to Ahj, the contact breaks
and the average force is changed®8. The UFM signal is thus pro-
duced by modulating the ultrasonic excitation envelope with a di-
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Fig. 1 UFM method. a) Schematic of the UFM setup. An AC-voltage in the MHz range modulated by a diamond shaped signal in the kHz range
is applied to the piezoelectric transducer using a function generator. The red arrow shows the out-of-plane direction of the piezoelectric transducer
vibration. The laser deflection from the cantilever is recorded by a photodetector, whose output signal is demodulated with a lock-in pre-amplifier.
This UFM response is recorded by an AFM controller. b) Force-indentation curve. For small ultrasonic amplitudes (Ahy), the normal force averaged
in time over one ultrasonic period, at an indentation depth #,, is equal to the initial value F; as the force curve can be considered linear. Ah; is
the threshold amplitude necessary to reach the pull-o [Cploint. ¢) Schematic of the normal deflection response induced by the out-of-plane ultrasonic
vibration of the sample. A change in normal deflection occurs only at ultrasonic amplitudes higher than Ak;. The discontinuity occurring at this value

is defined as force jump®82L

amond shaped signal (with a frequency of 2.7 kHz) which can be
detected via the laser deflection on the photodetector, as shown
on Fig[Th. As a result, the UFM response depends on the local

materials properties thanks to the non-linear nature of the tip-
sample contact1018121

Results and discussion

The investigated sample, fabricated by dry transfer (see Methods
section), consists of minimally twisted double bilayer graphene
(TDBG) on top of a hexagonal boron nitride (hBN) flake on a
silicon/silicon dioxide (Si/SiO,) substrate. TDBG is composed
of two AB-stacked (also called Bernal-stacked) bilayer graphene
flakes rotated with respect to one another. The relative angle
between the two graphene sheets is close to zero, in order to al-
low the formation of a moiré pattern with a large periodicity. A
schematic of the final sample structure is shown in Figure 2h.

When stacking two graphene AB bilayers, three configurations are
possible (see Figure ): ABAB (Bernal stacking), ABCA (rhom-
bohedral) and ABBC. The latter is the most unstable”Z as the BB
stacking (equivalent to AA) between the second and third lay-
ers is energetically unfavourable. Therefore, ABAB and ABCA re-
gions tend to expand at the expense of ABBC. Thus, the result-
ing structure will consist of large commensurate ABAB and ABCA
domains separated by transition regions, defined as saddle point
(SP) boundaries23. This leads to the formation of a moiré pattern
formed by discrete stacking domains (see Figure[2p). In addition,
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a small but finite energetic imbalance between the two commen-
surate domains exists: the Bernal stack is more stable than the
rhombohedral one and therefore ABAB domains assume a convex
shape23, More importantly, this intrinsic imbalance encourages
the formation of double domain walls where two SP boundaries
- single domain walls - merge into a unique domain wall separat-
ing two identical commensurate stacks13. This process is favored
by the presence of (interlayer) strain, which in our case is intro-
duced by the small twist angle.

To first image the stacking domains, we use Piezoreponse Force
Microscopy (PFM - see detailed description in the Methods sec-
tion). The intralayer strain gradients introduced by twisting lead
to an electromechanical coupling to the out-of-plane electric field
and enable direct visualisation of the discrete stacking domains,
as already shown in previous reports. Figure and d show
the resulting PFM amplitude (c) and phase (d) images. A set of
triangular discrete stacking domains can be observed. These are
surrounded by higher contrast interfaces, corresponding to the
SP boundaries. Convex and concave domains, ABAB and ABCA
stacks respectively, can be also distinguished®®. A schematic of
the domain structure is depicted in Figure 2k and f, where ABAB
(blue) and ABCA (black) stacks are separated by domain walls
(yellow). From these images, we extract an effective twist angle
between 0.07° and 0.15° using the relationship between the rota-
tion angle q and moiré wavelength 1, = (a=2) xcsc(q=2), where a
is the lattice constant of graphene. We note that the moiré pat-
tern in Figure 2 consists of stretched triangular domains. We
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