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Abstract

By sainimally twisting two layers of a van der Waals material, it is possible to induce
atomic reconstruction in the resulting crystal, which leads to a dramatic modification
of the lattice symmetry and the generation of relaxation-induced strain gradients. This
has important consequences on the mechanical and electromechanical properties of the
system. Here, we investigate locally those properties in minimally rotated twisted
double bilayer graphene, To this end, we employ three force microscope techniques,

Piezoresponse Force Microscopy, Ultrasonic Force Microscopy and Electric Heterodyne
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Force Microscopy. We demonstrate that these methods are reliable and effective to
visualise the Moiré pattern, to evidence the presence of non-uniform strain, and to
extract the local Young’s modulus in such systems, Additionally, we investigate the
appearance of double domain walls, a peculiar feature of the Moiré pattern induced by
strain gradients. Our results represent a further step in understanding the mechani-
cal behaviour of twisted structures and unlock the possibility to use eentroled strain

gradients to alter the Moiré pattern.

Introduction

The last few years have seen a still-ongoing interest growth in two-dimensional (2D) mate-
rials. The atomic layers in such materials are held together by weak van der Waals interac-
tions which allow to easily cleave them and to stack different 2D atomic layers on top of each
other! to create new artificial systems with completely different physical properties.?* What
is more, by twisting stacked layers with respect to each other the periodicity of the lattice of
the new compound is affected, generating a so-called Moiré pattern.® Thus, the twist angle is
a relevant parameter which allows to fine-tune the band structure® and lattice symmetry of
the novel structures: ® When the angle is small,® the lattice mismatch gives rise to an atomic
reconstruction that advantages the energetically favourable stacking configurations, provok-
ing the appearance of discrete stacking domains and domain walls.!'? In the large playground
of twisted 2D materials, twisted double bilayer graphene (TDBG) has been proved to be an
extremely versatile system, showing, at small angles, the appearance of spin-polarized corre-
lated phase, Chern insulator at integer fillings emerging in a magnetic field, and spontaneous
symmetry breaking phase transition.'7 Unlike twisted bilayer graphene, TDBG does not
own a two-fold rotational symmetry.'® Such broken Cy symmetry in TDBG generates the
gap between the conduction and the valence band at the Dirac points of its band struc-
turel19 The separation between flat bands can be controlled by applying an external vertical

displacement field, which acts on the interlayer potential.'1%2° This leads not only to an
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enlarged range of twist magic angles, but also to the possibility to make the appearance of
the emergent correlated electronic phases accessible and tunable by an external modulation
parameter.?! Beside its relevant influence on the electronic transport, the twist angle is pre-
dicted to have drastic impact on the local mechanical properties of twisted 2D systems. 22 24
Indeed, theoretical studies showed that, at small twist angles, atomic reconstruction occurs,
causing symmetry-breaking, which introduces intralayer strain and frustrates flat band for-
mation.?>?® Such induced strain may also generate unusual features in the Moiré pattern.
An example that will be investigated in this work is given by double domain walls, consist-
ing in two single domain walls - separating different stacking domains, namely ABAB and
ABCA - brought together into a unique area separating two neighbouring ABAB stacks. %"
Double domain walls are energetically favoured as the strain increases. Therefore, by apply-
ing a small twist angle, close to zero, it is possible to generate sufficient strain to promote
the formation of double domain walls.?” However, only very little experimental studies have
focused on this phenomenon to date. Here, we investigate the local mechanical properties
of minimally rotated twisted-deuble-bilayergraphene{TDBGY} by means of different atomic
force microscope techniques, Piezoresponse Force Microscopy (PFM),? Ultrasonic Force Mi-
croscopy (UFM)?%3% and Electric Heterodyne Force Microscopy (E-HFM).3132 This allows
us to image the Moiré pattern of the 2D system and to find evidence of non-uniform strain.
In particular, we focus on two specific phenomena already reported in literature but that
still require further study: The flexoelectric effect in the incommensurate domains and the
generation of double domain walls. Moreover, we evaluate the elastic and electromechanical
properties of areas with different stacking order and retrieve quantitative information about
their strain dynamics and their local Young’s modulus. Our results are finally compared
to force-field relaxation models which enable to compute the structural morphology of the

twisted pattern under uniaxial strain and Young’s modulus variations across the sample.
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Results and discussion

The TDBG samples consist of two AB-stacked (or Bernal-stacked) graphene gheets rotated
with respect to one another and have been fabricated by means of a dry transfer technique
described in the Methods section. The two bilayers are minimally twisted with a relative
angle between them close to ~ 0°, in order to allow the appearance of a Moiré pattern with
a large periodicity. An optical micrograph of the final structure is shown in Figu « la.

When stacking two AB-stacked bilayers of graphene on top of each other, they can overlap
with three different stacking configurations (see Figure 1b top): ABAB (Bernal stacking),
ABCA (rhombohedral) and ABBC. The latter is the most unstable!® as A@tacking of the
second and third layers is energetically unfavourable. Therefore, regions characterised by
the other two stacking configurations tend to expand at the expense of the ABBC stacking
areas until they form large commensurate domains separated by saddle point (SP) stacking
boundaries.!® This leads to the formation of a Moiré pattern consisting of discrete stacking
domains (see Figure 1b). In addition, a small but finite energetic imbalance between the
two commensurate - Bernal and rhombohedral - stacks also exists. The latter results more
stable and therefore tends to take on a convex shape due to its additional expansion.'® This
effect is very relevant for the formation of double domain walls, since it brings closer the
single domain walls. Therefore, the intralayer strain introduced by the small twist angle
results already sufficient to promote the generation of double domain walls.?” To image
this pattern in our TDBG samples, we employed Piezoresponse Force Microscopy, which is
an established technique to study twisted materials (see Methods section). The intralayer
strain gradients introduced by twisting lead to an electromechanical coupling to the out-
of-plane field and enable direct visualisation of the discrete stacking domains, as already
shown in previous wer—ksk% Figures 1c and d show the resulting vertical PFM amplitude
(c) and phase (d) images (see Supporting Information for lateral PFM images). A set of
triangular discrete stacking domains can be observed. These are defined by higher contrast

interfaces, corresponding to the SP boundaries. Convex and concave domains, ABAB and
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ABCA stacks, respectively, can be also distinguished.3* From these images, we extracted an

(e}

effective twist angle between 0.07 and 0.15~° using the relationship between the rotation

angle # and Moiré wavelength \,,: A, = (a/2) % csc(0/2), where a is the lattice constant
of graphene.3® We note that the Moiré pattern in Figure lc consists of stretched triangular
domains in contrast to the regular patterns reported previously.?”33 As discussed later with
the support of computational models, such stretched triangular features indicate the presence
of non-uniform strain. This is induced by either atomic relaxation due to the small twist
angle applied, which is extremely close to zero, or by external factors, such as wrinkles or
the edge of the flakes.?” In particular, an important first effect of the external strain applied
is the presence of a change in orientation of the Moiré pattern, which results flipped on the
bottom right corner (see Figure 1c

In the following we investigated the electromechanical and local mechanical properties of
the system. To this end, we employed Electrical Heterodyne Force Microscopy (E-HFM) and
Ultrasonic Force Microscopy® (UFM), respectively. Both techniques consist in a variation of
the standard contact mode AFM technique and have been proven to be effective to perform

_electromechanical mapping with nanometer resolution. More information on these techniques
can be found in the Methods section.

Figures 2b and ¢ show the E-HFM amplitude and phase maps of the same region measured
by PFM, respectively. E-HFM can be seen as an advanced version of PFM, in which the
advantages offered by high-frequency excitation, as already seen in UFM,3¢ are combined
with the heterodyne conversion.? These additional features allow E-HFM to provide reliable
electromechanical maps, overcoming the technical limitations of standard PFM, mostly due
to electrostatic interactions, and performing the measurements at much higher frequency.
Analogously to the PEM measurements (see Figure 1¢), the E-HFM maps (Figure 2b-c) show
an irregular Moiré pattern that consists of stretched triangles. The contrast observed along
the domain walls in response to the applied electric field in Figure 2b can be attributed to the

flexoelectric component of the polarisation: Strain gradients induced by atomic relaxation
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Fig. 1. Stacking order domains in twisted double bilayer graphene and imaging
of the relative Moiré superlattice by PFM. a) Schematic of the device, consisting in
two AB-stacked bilayer graphene flakes (TDBG) overlapped with a twist angle, on top of
a hexagonal boron nitride (hBN) flake on a Si/SiO, substrate. b) Side views of the main
stacking configurations - ABAB, ABBC and ABCA respectively - in a TDBG Moiré super-
lattice rotated by an angle # and their relative locations. The wavelength \,, of the Moiré
superlattice is defined as (a/2) * csc(6/2), where a is the lattice constant of graphene. c-d)
Vertical PFM images (amplitude and phase, respectively) of TDBG device. The maps show
evidence of the Moiré superlattice, in which different stacking domains can be distinguished,
defined by the net contrast along the domain walls. The squared region delimited by the blue
dashed line refers to the area where UFM measurements have been performed. Scalebars:
200 nm.

are indeed responsible for the generation of such polarisation.!®33 Unlike piezoelectricity,
flexoelectricty applies also to centro-symmetric structures. Therefore, the contrast retrieved
in centro-symmetric ABAB and ABCA discrete domains (see Figure 2b) is due to non-
uniform strain, which presence has already been confirmed in PFM measurements. Most
importantly is that the two stacking domains unexpectedtly show different contrast. This
could be due to the energetic unbalance between ABAB and ABCA stacks, which lead to

different polarization dynamics in the two regions. Thanks to the higher signal-to-noise



ratio of E-HFM, other subtle features can be spotted in the amplitude map: In particular,
it is possible to identify the boundaries of concave (ABCA) triangular domains, which result
gmaller; than the neighbouring ABAB domains. In order to better visualize these features,
a schematic reproduction of the scanned pattern is reported in Figure 2d. ABAB and
ABCA stacks, represented as blue and black regions respectively, are separated by domain
walls, defined as yellow lines. Being the ABCA region smaller than the elongated ABAB
stack, the two domain walls surrounding the ABCA domain result to merge beneath it and
then prosecute as a unique domain wall separating the two consecutive ABAB stacks, as
highlighted in Figure 2e. This specific region is defined as double domain wall (DDW).

Figure 2¢ shows the E-HFM phase map, from which important information related to
the polarisation dynamics can be retrieved. It must be underlined that the E-HFM phase is
not analogous to the standard PFM phase signal. Indeed, in the heterodyne measurement
scheme, the phase relates to the delay between both actuation signals, namely V.antilever
and Vpiezo. Therefore, this explains why we do not observe a contrast variation between
the domain walls like reported in previous works.!'® Importantly, the contrast observed on
the E-HFM phase map indicates the presence of different polarisation dynamics between the
commensurate and incommensurate domains. This is supported by the UFM measurements
that indicates that SP domains are softer. We can estimate that the phase difference lies
between 0 and 6.9 ns.

In the following we use UFM to quantify the local mechanical properties of TDBG. UFM
images of the region depicted in Figure 1lc (see dashed blue square) are shown in Figure
2b. To quantify the local mechanical properties, we calibrated the UFM with a differential
approach by comparing the UFM signals on materials with known Young’s modulus: Silicon
oxide, boron nitride and graphene (see Supplementary Information). This allowed us to
convert the changes in UFM signal to changes in the Young’s modulus.

In the UFM map (Figure 2b) domain walls, which correspond to the SP stacking, are

observed as dark lines. No change in contrast is observed between neighboring ABAB and
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Fig. 2. UFM and E-HFM method and visualisation of Moiré superlattices in
TDBG. a) Schematic of the setup used for UFM and E-HFM. V_,utiiever=0 in UFM and
Veantitever = Apsin(wit) in E-HFM, while Viie.o = Assin(wst + ¢), with both w, and w;
belonging in the MHz range. The arrow shows the direction of the piezotransducer vibration.
b-¢) E-HFM mapping (amplitude and phase, respectively) of the TDBG Moiré superlattice.
d) Schematic of the stacking domain distribution of the pattern shown in (a). ABAB stacks
are represented in blue, ABCA in black, separated by the yellow lines which correspond
to the domain walls. The red line separate the two areas of the pattern characterized by
opposite orientation. e) Close-up of the domain stacks: Each pair of single domain walls
separating ABAB and ABCA regions merge into a double domain wall at the bottom, due
to the elongation of the commensurate stacks. Scalebars: 200 nm.

ABCA domains. We attribute the parallel lines in the lower half of Figure 3 to double domain
walls. Each of these then bifurcates into two single domain walls with a lower UFM signal
strength that almost fades out at the apex of each stacking domain. The bifurcation point
corresponds to the beginning of the ABCA domain (see Figure 2e). The measured width of
the double domain walls is 12 nm, evaluated at full width at half maximum (FWHM). Using
the calibration of the UFM we find a softening of the domain walls by 5.7 GPa + error (see
linecut normal to the domain walls in Figure 2c). We attribute this softening to the fact that
the domain walls are an energetically unfavourable region - unlike the surrounding discrete
stacking domains - where atoms are held in place less strongly and a smaller force is required
to displace them. This statement is in good agreeement with previous works on domain walls

in ferroelastic and ferroelectric materials, which show a reduction of the saddle point energy
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Fig. 3. UFM visualization of Moiré pattern in TDBG. a) UFM mapping of the
TDBG Moiré superlattice. In white, a linecut perpendicular to the double domain walls is
defined. ¢) Profile of the Young’s modulus for the previously defined linecut. Scalebars: 200
nm.

in the domain wall, indicating that this is elastically softer.?”3® The average UFM signal
along the double domain walls results equal to 0.147 V £ 0.003 V, while the signal along the
single domain walls - which correspond to the bifurcating lines - is 0.203 V 4 0.003 V (see
Supporting Information for details). Using the UFM signal for the discrete stacking domains
- which was found to be 0.237 V 4 0.003 V - as a reference, we can obtain the relative values
for the signals along the double and single domain walls, respectively 90 mV and 34 mV, Thus,
we can deduce that the softening along the double domain wall does not simply correspond to
the overlapping of the two single domain walls, but it is actually stronger. UFM enables the
study of surface and subsurface material properties with nanometric resolution,' however
it has to be taken into account that such response is predominantly sensitive to elastic
(modulus) and adhesive properties.®® To rule out any adhesion effects, we also performed

adhesion maps of the same region using PeakForce tapping. No variation of the adhesion
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THEORY RESULTS

Fig. 4. Theory results.

can be observed (see Supplementary information). To explain the local variation in Young’s

modulus we performed force-field relaxation simulations. Figure 4 shows...

Conclusions

In this paper we exploited three different force microscopy techniques -PFM, UFM, and
E-HFM, respectively- to image the Moiré in twisted double bilayer graphene rotated by
an angle of ~ 0.1° and investigate its mechanical and electromechanical properties. We
observed the presence of non-uniform strain, manifesting as stretched triangular domains
in the Moiré pattern, as confirmed by force-field simulations. We found evidence of strain-
induced phenomena, in particular as the flexoelectric effect along the domain walls and the
generation of double domain walls. Based on the performed measurements, we were also
able to quantify the variation of Young’s modulus along the various stacking domains, which
resulted in a difference of approximately 5.7 GPa. Such value is in good agreement with our
theoretical models. Our findings not only represent an additional step to understand the
underlying physics of twisted 2D systems, but also introduced UFM and E-HFM as effective
techniques to image Moiré patterns, analyze their local mechanical and electromechanical
features and eventually evaluate quantitative values of important parameters such as Young’s

modulus.
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Methods

Sample preparation

The twisted double bilayer (TDBG) stack was fabricated by the dry transfer technique with
a Polycarbonate (PC) film (10% mass concentration) supported by a Polydimethylsiloxane
(PDMS) bubble stamp. Two parts of a bilayer graphene, previously cut with an atomic
force microscope,®® were picked up successively with a relative twist angle of around 1°. The
TDBG stack was deposited onto a hexagonal boron nitrade flake (hBN) by transfer at room
temperature without melting the PC film.*® Such a cold transfer technique minimizes the

contamination in the surface exposed TDBG stacks.

Scanning Probe Microscopy

All scanning probe microscopy measureents were realised on a Multimode 3a. The lock-in
detections were realised externally either with a Standford Research System 830 or with a

Zurich Instrument HFZLLL

Piezo Force Microscopy

To perform PFM measurements, an AC bias is applied between the AFM tip and the sample
to produce an electric field along the vertical direction.?® This induces periodic piezoelectric
strain on the sample that is detected by measuring the torsion or deflection of the AFM

lever, Probe: Frequency:

Ultrasonic Force Microscopy

To perform UFM measurements, the sample is mechanically bonded to a piezotransducer
using a crystalline compound, phenyl salicylate, maximizing the ultrasonic contact.*! The
tip used is a regular contact mode silicon tip (Budget Sensors, k, f0 ....) By applying a

modulated AC bias (f ~ 4M Hz) to the piezotransducer, the sample is vibrated vertically

11


kolosov
Inserted Text
 lock-in amplifiers

kolosov
Inserted Text
conductive 

kolosov
Inserted Text
 at the frequency of the contact resonance of the AFM tip.

kolosov
Highlight

kolosov
Highlight


(see Figure 2a). Since the excitation frequency of the sample is much higher than the
resonance frequency of the cantilever (typically 3-10 kHz), it is unable to follow the sample
vibration. The cantilever therefore becomes inertially stiff.3? For this reason, when in contact
with the surface, the tip can indent into the sample even when the sample is much more rigid
than the cantilever, making this technique extremely sensitive to the variations of the elastic
properties of the sample.4? The UFM response is obtained by modulating the amplitude of
the ultrasonic vibration at 2.7 kHz, which is a frequency value lower than the first cantilever
resonance and higher the feedback cut-off (around 1 kHz). Being the vibration amplitude
cyclically varied by the modulation, the system oscillates between two regimes, linear and
non-linear respectively, separated by the critical value of the ultrasonic amplitude at which
the contact between the tip and the surface breaks. When entering the non-linear regime,
a rectification effect that physically consists in the additional positive deflection described

above is produced on the cantilever.*3

Electrical Heterodyne Force Microscopy

Analogously to UFM, the E-HFM setup involves a piezotransducer placed beneath the sample
and used to make the latter oscillate at ultrasonic frequency fs. In addition, the tip is also
electrically excited by an AC bias at frequency f;. The two ultrasonic frequencies f, and f;
belong to the MHz range, but slightly differ form each other. The heterodyne conversion
of the signal is performed by the non-linear tip-surface jnteraction, that in this case plays
the role of the mixer, while the tip acts as local oscillator. The output signal of interest
has a frequency equal to the difference f; — f; and it is used to perform the nonlinear signal
detection. Throughout the conversion process, the phase bearing the information relative
to the dynamic phenomena is conserved and appears in the output signal, The tip-sample

interaction force at the difference frequency A f can be written as:

Fis(z,t)ar = —%F{;(zo)AtAs cos(2TAft + ps — @) (1)

12
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where z and zy and the tip dependent and equilibrium tip-sample distance, A;,¢;, A, and ¢,

are the tip £ and sample s vibration amplitude and phase.
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