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Physical properties of two-dimensional van der Waals (vdWs) structures depend sensitively on both
stacking orders and interlayer interactions. Yet, in most cases studied to date, the interlayer interaction is
considered to be a “static” property of the vdWs structures. Here we demonstrate that applying a scanning
tunneling microscopy (STM) tip pulse on twisted bilayer graphene (TBG) can induce sub-Ångstrom
fluctuations of the interlayer separation in the TBG, which are equivalent to dynamic vertical external
pressure of about 10 GPa on the TBG. The sub-Ångstrom fluctuations of the interlayer separation result in
large oscillations of the energy separations between two van Hove singularities (VHSs) in the TBG. The
period of the oscillations of the VHSs spacing is extremely long, about 500–1000 sec, attributing to tip-
induced local stress in the atomic-thick TBG. Our result provides an efficient method to tune and measure
the physical properties of the vdWs structures dynamically.
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Research on exotic electronic properties of van der
Waals (vdWs) layered materials has sparked much interest
recently [1–5]. In the two-dimensional vdWs systems, the
constituent materials, the stacking orders and interlayer
interactions are the three dominant factors in determining
their physical properties. So far, studies on the physical-
property engineering of the vdWs systems with selected
constituent materials mainly focus on the relative twist
angles between the adjacent layers [6–28] and control of
the interlayer twist angle with a precision of about 0.02° has
already been realized [13]; the interlayer interaction of the
vdWs materials is usually considered as a fixed value in
these studies. Recently, several experiments demonstrated
that the interlayer spacing of the vdWs materials can be
efficiently tuned by hydrostatic pressure due to the weak
vdWs forces between adjacent layers [29–33]. These
results demonstrated that the interlayer spacing provides
an additional and controllable degree of freedom to tailor
the physical properties of the vdWs materials [29–33].
In this Letter, we take advantage of the atomic-thick-

film nature of the vdWs materials and demonstrate the
ability to generate and measure sub-Ångstrom fluctua-
tions of the interlayer spacing in twisted bilayer graphene
(TBG) by using scanning tunneling microscopy (STM). In
the TBG, there are two low-energy van Hove singularities
(VHSs), the energy separation of which is extremely
sensitive to the interlayer coupling [6–10]. Our experi-
ment indicates that a STM tip pulse on the TBG induces
fluctuations of the interlayer spacing, which generates

extremely low-frequency oscillations of the VHSs spac-
ing. The extremely sensitive dependence of the VHSs
spacing on the interlayer interactions enables us to extract
the fluctuations of the interlayer spacing at the sub-
Ångstrom scale.
Figure 1(a) shows a schematic of STM measurement on

the TBG sample. The period D of the twist-induced moiré
pattern is related to the twist angle θ byD ¼ a=½2 sinðθ=2Þ�,
where a ¼ 0.246 nm is the lattice constant of graphene. In
momentum space, the Brillouin zones associated with the
two graphene layers are equally rotated by θ, resulting in
the Dirac cones centering at different points, K1 and K2, as
shown in Fig. 1(b). In the absence of interlayer coupling,
the low-energy band structure of the TBG consists of the
isolated Dirac cones from two graphene layers, intersecting
at the energies separated by ΔE ≈ ℏvFΔK, where ℏ is the
reduced Planck constant, vF is the Fermi velocity, ΔK ¼
2jKj sinðθ=2Þ is the momentum separation of the K1 and
K2, and jKj ¼ 4π=3a. A finite interlayer coupling tθ avoids
the crossings at the intersections and generates a pair of
saddle points in the band structure of the TBG, hence
generating two pronounced VHSs in the density of states
(DOS) [6–11], as shown in Fig. 1(b). The energy separa-
tions of the two VHSs, ΔEVHS, can be roughly estimated
by the continuum model as ΔEVHS ≈ ℏvFΔK − 2tθ [6,7].
Obviously, both the twist angle θ and the interlayer
coupling tθ of the TBG play important roles in determining
the value of ΔEVHS. According to the ab initio results
reproduced from Ref. [10], the value of the tθ, in the
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simplest approximation, depends exponentially on the
interlayer spacing d, as shown in Fig. 1(c). Therefore,
the interlayer spacing of the TBG can be precisely acquired
by measuring the ΔEVHS.
In our experiment, we carried out STM measurements

on the TBG at about 77 K. The TBG are obtained by two
different methods. One is to transfer monolayer graphene
onto the Ni foils that are covered with multilayer graphene
[22,27,34,35]. The other is to directly synthesize TBG on
Cu-Ni alloys via the chemical vapor deposition (CVD)
method [36] (Methods and Figs. S1–S5 [37]). Both systems
exhibit quite similar behaviors in the tunable interlayer
coupling by using a tip pulse. Because of the atomic-thick-
film nature of the graphene systems, recent experiments
demonstrated the ability to tune their structures by using a
local probing tip [27,38–42]. In the bilayer graphene, it is,

therefore, possible to change the interlayer separation
with the STM tip, as schematically shown in Fig. 2(a).
Figures 2(b)–2(d) summarize representative results of a
transfer-assisted TBG on the Ni foil with θ ¼ 3.02°. The
protuberances and hollows in Fig. 2(b) of the STM image
correspond to the AA and AB=BA stacking regions of the
TBG, respectively, with their height differences of about
40 pm. Even though the twist-induced moiré superlattice
is observable, the twist-induced low-energy VHSs are
absent in the scanning tunneling spectroscopy (STS)
spectrum, as shown in Fig. 2(d) (blue curve), indicating
that the interlayer coupling of the TBG is negligible and the
topmost graphene sheet behaves as a pristine monolayer
graphene. The absence of the low-energy VHSs in the TBG
is frequently observed in previous studies [25,43–46],
mainly attributing to the enhanced interlayer separations.

FIG. 1. Schematic atomic structures and low-energy band structures of TBG. (a) Schematic structure of a STM setup on two
misoriented graphene layers with a twist angle θ. Inset: Schematic Brillouin zones associated with the two layers are equally rotated by θ
in momentum space. (b) Band structures and DOS of TBG. For a fixed twist angle, the energy separations of the two VHSs depend on
the interlayer coupling. The low-energy DOS of the TBG with strong, weak, and no interlayer coupling are plotted by the blue, red, and
black curves, respectively. (c) Relation between the interlayer coupling tθ and interlayer spacing d of the TBG. The black crosses are
extracted from Ref. [10], and the blue line is the fitting result using the equation tθ ¼ Ae−Bðd−deqÞ, where A and B are the fitting
parameters, and deq ≈ 3.42 Å is the equilibrium interlayer spacing.

FIG. 2. Tunable interlayer spacing and electronic properties of TBG. (a) Schematic structures of TBG with different interlayer
separations d. (b) and (c) Typical STM images of a 3.02° TBG at the same region before and after a STM tip pulse, corresponding to a
large and small interlayer spacing, respectively (Vbias ¼ 500 mV, I ¼ 100 pA). (d) Two typical STS spectra of the 3.02° TBG recorded
at the AA regions. The blue and red curves are acquired at the dots marked in panels (b) and (c), respectively.
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In the STS spectra acquired on TBG with θ < 5° over
100 samples, about 30% exhibits a “V” shape feature and
about 70% exhibits two pronounced VHSs, i.e., there is a
detectable interlayer coupling in these TBG. For these
decoupled TBG, it is interesting to find that we can
“switch on” the interlayer coupling by applying a voltage
pulse in presence of the feedback loop. As an example, a tip
pulse of 4 V for 60-ms duration at the tunneling current
of 100 pA on the 3.02° TBG can dramatically change
the electronic properties of the TBG. First, the height
differences between the AA and AB=BA stacking regions
in the 3.02° TBG increase to about 90 pm under the same
STM measuring conditions, as shown in Fig. 2(c). Such a
phenomenon arises from the obvious enhancement of
the LDOS in the AA regions, which is dominant by the
increasing interlayer potential that is associated to the
interlayer coupling strength tθ [46,47]. The enhanced
interlayer coupling is explicitly confirmed in the STS
spectrum, as shown in Fig. 2(d) (red curve). Two low-
energy VHSs, arising from the interlayer coupling, emerge
in the STS spectrum of the 3.02° TBG. In our experiment,
the interlayer interaction of about 70% of the decoupled
TBG can be switched on by the tip pulses, indicating that
the local interlayer spacing and interlayer coupling of the
TBG can be efficiently tuned via a STM tip pulse.
The most surprising result obtained in our experiment

is that the energy separations of the two VHSs, ΔEVHS,
exhibit large oscillations rather than a fixed constant after
the “switching on” the interlayer interaction of the TBG by
the tip pulse. Figure 3(a) shows a representative result
of the STS spectra as a function of the time measured in the

3.02° TBG. In each STS spectrum, the voltage is swept
from 400 mV to −300 mV with the speed of about
50 mV=s (more parameters for the STS measurements
are given in Table S1 [37]). Obviously, the ΔEVHS exhibits
large oscillations and the maximum is almost twice of the
minimum. In the TBG, the ΔEVHS is almost independent
of the measured positions [8–10,23–25]. Therefore, the
observed large oscillations of the ΔEVHS should not be
arise from any possible drift during the long time STS
measurements (Fig. S6 [37]). Figure 3(c) summarizes the
measured ΔEVHS as a function of the time, which exhibits
extremely long period in oscillations. In our experiment,
the approximate period in the ΔEVHS oscillations is about
800 sec in the 3.02° TBG and the STS spectra suddenly
become the “V” shape, i.e., the TBG becomes decoupled,
after about 3 to 4 periods of the oscillations. A similar result
is also obtained in the CVD-grown TBG, as shown in
Figs. 3(b) and 3(e). After “switching on” the interlayer
coupling of a 3.40° TBG, large oscillations of the ΔEVHS
with period of about 590 sec are observed. Similarly, the
STS spectra also change back to the “V” shape suddenly
after recording 3 to 4 periods of the oscillations of the
VHSs spacing (Fig. S7 [37]). The ΔEVHS oscillations are
quite robust and reproducible in the decoupled TBG
(Fig. S8 [37]) and the oscillations could last about
10 periods in some of the TBG when the interlayer
coupling is switched on (Fig. S9 [37]). To our best
knowledge, such behaviors have never been reported
before. According to our STM images of the TBG, we
can easily rule out any possible effect of the defects and
impurities induced by the tip pulse as the origin of the

FIG. 3. Oscillations of the two VHSs in TBG. (a) Time-dependent STS spectra of the transfer-assisted TBG on Ni foil with θ ¼ 3.02°
(labeled as T-S1). The two VHSs are observable after the STM tip pulses. (b) Time-dependent STS spectra of the CVD-grown TBG on
Cu-Ni alloy with θ ¼ 3.40° (labeled as C-S3). (c) The energy separations of the two low-energy VHSs, ΔEVHS, as a function of the
measured time for the sample T-S1. The dashed line is a guide to the eyes. (d) The measured ΔEVHS as a function of time for the sample
T-S2 on Ni foil. (e) The measuredΔEVHS as a function of time for the CVD-grown TBG on Cu-Ni alloy with θ ¼ 3.40° (labeled as C-S3,
the interlayer coupling in this sample is “switched on” by the tip pulses), and the VHSs vanished after ∼3 to 4 periods (as shown in the
gray rectangle). (f) The measuredΔEVHS as a function of time for the CVD-grown TBG on Cu-Ni alloy with θ ¼ 3.66° (labeled as C-S4,
the VHSs are observable at the very beginning of the STM characterizations in this sample).
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observed oscillations. The different ΔEVHS oscillations
observed in different TBG samples also help us to remove
any possible “artifacts” originating from the STM tip. To
further confirm this, we carried out similar measurements
using the same STM tip in the strongly coupled TBG, i.e.,
the TBG exhibits the two VHSs at the very beginning of
STM measurement. In these TBG, the energy separation of
the two VHSs, ΔEVHS, is almost independent of the time,
as shown in Figs. 3(d) and 3(f), no matter whether a tip
pulse is applied or not before the measurement. Therefore,
our experiment demonstrated explicitly that a STM tip
pulse can efficiently tune the local interlayer coupling and
generate oscillations of the VHSs spacing of the TBG.
The above results also indicate that the tip pulse has

completely different effects on the decoupled TBG and the
strongly coupled TBG. According to previous studies
[38,39,45–49], the tip pulse is expected to introduce
fluctuations in the flexible atomic-thick membrane through
the tip-heating effect and weak vdWs forces. The absence
of the ΔEVHS oscillations in the strongly coupled TBG
indicates that the two strongly coupled graphene sheets are
not moved or they move synchronously after the tip pulse,
resulting in the interlayer separation almost unchanged.
Whereas, in the decoupled TBG, the topmost graphene
sheet may move vertically or both the two decoupled
graphene sheets are moved independently after the tip
pulse. Therefore, the interlayer separation of the TBG is
changed and, consequently, we observe large oscillations of
the ΔEVHS. In our analysis, the dependence of the ΔEVHS
on the interlayer coupling strength is obtained according
to low-energy band structure of the TBG based on the
tight-binding model. Figure 4(a) shows representative
low-energy band structures of a 3.15° TBG with different
tθ. Obviously, the energy separations of the two VHSs
decrease with increasing tθ. The extremely sensitive
dependence of the ΔEVHS (the interlayer coupling strength)
on the interlayer separation in the TBG [Fig. 1(c)] enables
us to extract the sub-Ångstrom fluctuations of the interlayer
separation. According to the measured ΔEVHS oscillations
in the 3.02° and 3.40° TBG, the fluctuations of the
interlayer spacing in the two TBG can be extracted, as
shown in Figs. 4(b) and 4(c). According to our experiment
and analysis, the large ΔEVHS oscillations in the TBG are
generated by sub-Ångstrom fluctuations of the interlayer
separation around the equilibrium interlayer spacing of the
bilayer graphene, ∼3.2 Å. In our experiment, the observed
periods of the ΔEVHS oscillations range from about 500 to
1000 s (Fig. 4 and Fig. S9 [37]). The variation of the period
may arise from local strain of the TBG, roughness of the
substrate, different interactions between the TBG and the
substrate, and so on.
The observed extremely low-frequency oscillations of

the VHSs spacing can be understood by considering the
dynamics of an out-of-plane fluctuating graphene sheet
subjected to a tip-induced local stress, as reported in

Ref. [48]. Theoretically, the frequency of graphene vibra-
tion can be obtained as ωq ¼ q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

κðq2 − q2cÞ=ρ
p

, where ρ is
the mass density of graphene, κ is the bending rigidity of
graphene, qcðA−1Þ ¼ ffiffiffiffiffiffiffiffiffiffijτj=κp

, and τ is the stress tensor
[48]. When τ ¼ 0 (i.e., the effect of the STM tip is
negligible), the frequency reduces to the well-known
quadratic dispersion for a vibration graphene membrane,
i.e., ωq ¼

ffiffiffiffiffiffiffiffiffiffiffiðκ=ρÞp

q2, which is usually in the GHz range
[50–52]. For the case that q is near to qc, the frequency can
be reduced to extremely low, which results in the
observed phenomena in our experiment. In our experi-
ment, a voltage pulse is expected to locally heat the
graphene membrane and, therefore, generate a local stress
underneath the STM tip. However, a short voltage pulse is
impossible to maintain the temperature difference to
generate the local stress for tens to hundreds of minutes.
It indicates that the continuous tunneling during the STS
measurements plays an important role in sustaining the
oscillations until the graphene switches back to the
weakly coupled regime.
Considering that the long-time low-frequency oscilla-

tions of the VHSs spacing, there are three possible
mechanisms that can generate continuous strain gradients
beneath the STM tip. They are the local heating effect, van
der Waals force between the STM tip and the topmost
graphene sheet, and the electric field effect induced by the
tip during the STS measurements. To further explore this,

FIG. 4. Sub-Ångstrom fluctuations of the interlayer spacing in
TBG. (a) The low-energy band structures of a 3.15° TBG with
different tθ. (b),(c) The interlayer separations of TBG as a
function of time for the T-S1 and C-S3, respectively. The dashed
curves are guides to the eyes.
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we carried out STS measurements with different setpoint
currents. The oscillation frequency is almost unchanged
when the setpoint current is varied from 50 to 200 pA, as
shown in Fig. S11 of the Supplemental Material [37]. It
indicates that the local heating effect and the van der Waals
force between the STM tip and the topmost graphene
membrane should not be essential to the observed phe-
nomenon because both of them are strongly dependent on
the setpoint current. The most likely mechanism is that the
strain gradients in graphene membrane are generated by the
tip-induced electric field effect. A local electric field is
automatically generated in the region underneath the tip
when a bias is applied. According to previous studies, the
tip-induced electric field effect can generate a subtle
structural distortion of the studied samples [53–57].
With considering that graphene is an atomic-thick ultrasoft
film, we believe that such an electric field effect can
efficiently introduce a strain gradient during the STS
measurements, thus resulting in the low-frequency oscil-
lations of the VHSs spacing. Further work is need to
explore how the electric field introduce the local strain in
graphene quantitatively.
In summary, we demonstrate the ability to tune and

measure the sub-Ångstrom fluctuations of the interlayer
separation in the TBG with a STM tip. Based on recent
theoretical results [58], the variations of the interlayer
spacing with 10% of the equilibrium interlayer spacing
in the TBG are equivalent to a dynamic vertical external
pressure on the order of 10 GPa on the TBG. Therefore, the
observed tip-induced fluctuations of the interlayer separa-
tion allow us to explore exotic electromechanical properties
and novel quantum states in vdWs systems in a large
dynamic vertical external pressure.
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