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In twisted bilayer graphene (TBG), a twist-angle-dependent competition between interlayer stacking energy
and intralayer elastic energy results in flat rigid layers at large twist angles and lattice reconstruction at small
twist angles. Despite enormous scientific interest and effort in the TBG, however, an experimental study of
evolution from the rigid lattice to the reconstructed lattice as a function of twist angle is still missing. Here
we present a scanning tunneling microscopy and spectroscopy study to reveal the twist-angle-dependent lattice
reconstruction in the TBG. Our experiment demonstrates that there is a transition regime between the rigid
regime and the relaxed regime, and the reconstructed and unreconstructed structures can coexist in the transition
regime. The coexistence of the two distinct structures in this regime may arise from subtle balance between the
interlayer stacking energy and intralayer elastic energy in the TBG with intermediate moiré sizes. Our results
provide an explanation for inconsistent phase diagrams and tunneling spectra reported in TBG around the magic

angle.
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I. INTRODUCTION

In two-dimensional van der Waals (vdW) heterojunctions
and homojunctions, the competition between the interlayer
vdW coupling and the intralayer elastic deformation de-
termines their stacking configurations [1-19], which have
profound influences on their electronic and optical proper-
ties. For the vdW twist bilayer with a large twist angle
(labeled as rigid regime), the size of the moiré pattern is quite
small and two flat layers with a rigid lattice are energetically
preferable. For the small twist angle case (labeled as relaxed
regime), the size of the moiré pattern becomes quite large.
Then, to minimize the total energy of the system, there is a
strain-accompanied lattice reconstruction that results in large
triangular stacking domains and a triangular network of do-
main walls (DWs) [1-12,20]. The presence of rigid lattice in
large twist angle and structural reconstruction in small twist
angle have been observed explicitly in a variety of vdW twist
bilayers, but, despite enormous scientific interest in the vdW
systems, the regime of intermediate twist angles has been
the subject of substantially less experimental attention so far.
Very recently, Raman measurements on a series of twist MoS;
bilayers with different twist angles indicate that there is a
transition regime between the rigid regime and the relaxed
regime [3]. Unlike the rigid and relaxed regimes, the phonon
modes of the MoS, bilayers evolve rapidly with twist angle
in the transition regime [3], suggesting that the structures of
the vdW twist bilayers in the transition region are still worth
being further studied.
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In this work, we reveal the existence of a structural tran-
sition regime, in which the reconstructed and unreconstructed
structures coexist, in twisted bilayer graphene (TBG). A series
of TBG with controlled twist angles 0.10° < 8 < 3.59° are
fabricated on hexagonal boron nitride (hBN) and tungsten
diselenide (WSe,). By using scanning tunneling microscope
(STM) and spectroscopy (STS), we directly and system-
atically study the structures of the TBG. Our experiment
demonstrates that there is only rigid lattice for the TBG with
6 > 1.80° and only reconstructed structure for 8 < 0.90°,
whereas, the reconstructed and unreconstructed structures co-
exist in the transition regime for 0.90° < 6 < 1.80°.

II. EXPERIMENT

Figure 1(a) shows schematic of the experimental de-
vice setup. The TBG samples are obtained by both dry
and wet transfer technology of graphene layer by layer on
mechanical-exfoliated hBN and WSe, sheets [4,5,21-23]
(using the transfer platform from Shanghai Onway Technol-
ogy Co., Ltd., see Methods of the Supplemental Material
for details [24]). Figures 1(b) and 1(c) show schematics of
atomic registries in the unreconstructed and reconstructed
TBG, respectively. For the unreconstructed TBG, the stacking
structure is formed by introducing a twist between two rigid
graphene layers. For the reconstructed TBG, to reduce the
total energy of the system, the AB and BA stacking regions are
enlarged with separating narrow DWs and, simultaneously,
the AA stacking regions are reduced. Therefore, we can dis-
tinguish the unreconstructed and reconstructed TBG in two
different ways in the STM measurements. The first method is
based on the emergence of the DWs in the reconstructed TBG.
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FIG. 1. (a) Schematic of the experimental device setup. (b) and (c) Schematic of atomic registries in unreconstructed and reconstructed
TBG, respectively. The blue and yellow circles represent the AA and DW regions, respectively. The rest of the red triangles are the AB/BA
regions. (d)—(g) Representative STM images of the obtained TBG with different twist angles. The scanning parameters are Vs = 0.6V,
1 =100 pA (d), Voias = 0.5V, I = 100 pA (e), Viias = 0.3V, I = 100 pA (), Voias = 0.8V, I =200 pA (g).

The second method is based on the relative size of the AA and
the AB (BA) stacking regions. Figures 1(d)-1(g) show several
representative STM images of the obtained TBG with differ-
ent twist angles in our experiment (see more STM images in
Figs. S2 and S3 [24]). The moiré superlattice can be clearly
identified from the periodic corrugations in the images and the
twist angles can be obtained based on the measured periods
D according to D =a/[2sin(8/2)], where a =~ 0.246 nm. The
twist angle 6 can also be roughly measured according to the
fast Fourier transforms (FFT) of the STM images and the re-
sults of both methods are consistent (see Fig. S4 for details). In
the 0.50° TBG, the area of the AA regions is much smaller than
that of the AB/BA regions and there are one-dimensional (1D)
DWs between two adjacent AB and BA regions [Fig. 1(d)],
as observed previously in the reconstructed TBG [2,4-6,10—
12]. In contrast, the structures of the 3.59° TBG can be in-
terpreted based on a rigid lattice picture [Fig. 1(g)]. Such a
result is consistent with previous understanding. However, in
our experiment, it is quite surprising to observe two distinct
structures of the 1.09° TBG: one is in the rigid structure
[Fig. 1(f)], the other is in the relaxed structure [Fig. 1(e)].
This result indicates that the structure in the TBG with the in-
termediate twist angles (labeled as transition regime) is quite
different from that of the rigid regime and the relaxed regime

(see Figs. S5-S7 for coexistence of unreconstructed and
reconstructed TBG structures in the single topographic
map [24]).

III. RESULTS AND DISCUSSION

The distinct features of the two structures of the 1.09°
TBG can be seen more clearly in the zoom-in STM im-
ages, as shown in Figs. 2(a) and 2(c). To quantitatively show
the differences between the two structures, Figs. 2(b) and
2(d) show height profiles along dashed lines in Figs. 2(a)
and 2(c), respectively, which reflect the topographic changes
that pass through different regions of the TBG successively.
In the reconstructed TBG, a well-defined corrugated DW
can be detected, whereas it becomes almost undetectable in
the unreconstructed TBG. To systematically study the twist-
angle-dependent structures, we measure averaged Hpw/Haa
as a function of the twist angles for more than 60 TBGs
(here, Hpw and Haa are the height of the DW and AA regions
measured according to the height profiles), as summarized in
Fig. 2(e). The error bars reflect the height fluctuations mea-
sured on different AA and DW regions and we should point
out that the obtained result in this work is independent of the
substrates. It is easy to find that the measured results can be
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FIG. 2. (a) and (c) Zoom-in STM images of the TBGs in Figs. 1(f) and 1(e), respectively. (b) and (d) Height profiles along dashed lines in
(a) and (c), respectively. The height of AA and DW regions are marked in the figures. (¢) The measured Hpw/Haa as a function of the twist
angles for different TBG devices. The red and blue points represent the results obtained in the unreconstructed and reconstructed TBG devices,

respectively. The error bars reflect the standard error of the data.

divided into two categories: the large (small) values of the
ratio Hpw/Haa indicate that the TBG has a relaxed (rigid)
lattice. According to the result in Fig. 2(e), there is only
reconstructed structure for the TBG with 6 < 0.90° and only
rigid lattice for 6 > 1.80°. The onset of reconstruction begins
below about 1.80°, which is in good agreement with that
reported in previous studies [10,20]. Besides that, there is
a transition regime, 0.90° < 6 < 1.80°, in which both the
reconstructed and unreconstructed structures coexist. Here
we should point out that both the reconstructed and un-
reconstructed structures are quite stable during our STM
measurements. The two distinct structures will result in quite
different electronic properties of the TBG in the transition
regime, which may provide a consistent understanding of
different STS spectra and phase diagrams observed previ-
ously in magic-angle TBG (the magic angle ~1.08° is in
the transition regime) [29-34]. In some magic-angle TBG,
the superconducting phase is observed around the insulating
phase. Whereas, in the other magic-angle TBG, there is no
correlation-induced insulating phase along with the super-
conducting phase [33]. Our results provide an explanation
for the inconsistent phase diagrams that may arise from the
reconstructed and unreconstructed structures, respectively.
Besides the DWs, we also can distinguish the reconstructed
and unreconstructed structures of the TBG according to the
relative size of the AA and the AB (BA) stacking regions.
However, it is quite difficult to exactly define the AA stacking
region based on the height profiles of the STM images [see
Figs. 2(b) and 2(d) as examples]. To overcome this challenge,
we carry out measurement of spatial distribution of the low-
energy van Hove singularities (VHSs) to measure the area
of the AA stacking region. In the TBG, a finite interlayer
coupling the two adjacent layers generates a pair of saddle
points, which introduce two pronounced VHSs in density of
states (DOS) [35—41]. The two low-energy VHSs are mainly
localized in the AA stacking region, especially for the TBG

with twist angles 6 < 2.0° [29,37-39]. Figure 3(a) shows
representative STS spectra measured along the dashed line in
Fig. 2(c) (here the back-gate voltage is 14 V. See STS spectro-
scopic map as a function of Vg, Fig. S8, taken in different
TBG [24]). The two pronounced peaks in the spectra recorded
in the AA stacking regions are attributed to the two low-energy
VHSs of the TBG. Figure 3(b) shows a typical STS map
recorded at the energy of one of the VHS, which directly
reflects the spatial distribution of the DOS. Obviously, the
electronic states of the VHS are mainly localized in the AA re-
gion of the TBG. Figure 3(c) displays a profile line of the DOS
at the energy of the VHS along the dashed line in Fig. 3(b),
which is used to estimate the size of the AA stacking region.
To quantitatively describe the size of the AA stacking region, a
Gaussian curve fitting is used to obtain the standard deviation
o of the profile line [42—46], as shown in Fig. 3(c) (see Sup-
plemental Material for details of analysis [24]). For each TBG,
the o is averaged by fitting the DOS along the three moiré di-
rections. Figure 3(d) summarizes the averaged o as a function
of twist angles based on part of the TBG devices in Fig. 2(e).
Obviously, the twist-angle-dependent sizes of the AA stacking
regions for the reconstructed and unreconstructed TBG are
quite different (the two structures of the TBG are categorized
based on the results of Fig. 2). As expected, the sizes of the
AA stacking regions in the unreconstructed TBGs increase
quickly with the decrease of twist angle, whereas, they depend
weakly on the twist angle in the reconstructed TBGs. Such a
result is quite reasonable because the area of the AA stacking
regions in the reconstructed TBG should be significantly re-
duced to lower down the stacking energy of the system. Here
we should point out that the boundaries of the three regimes
in the TBG are determined according to the result of Fig. 2
in our experiment. For the method shown in Fig. 3, we can
distinguish the reconstructed and unreconstructed structures
for 6 < 1.4°. However, it is impossible to distinguish the
reconstructed and unreconstructed structures for 8 > 1.4°.
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FIG. 3. (a) Representative STS spectra measured along the dashed line in Fig. 2(c). Two low-energy VHSs are observed in the AA regions.
(b) A typical STS map recorded at the energy of VHS II (Vyjps = — 0.018 V, I = 40pA, Vg = 14 V). (c) A profile line of the DOS along the
dashed line in (b). The red solid curve represents a Gaussian fitting of the DOS distribution, and the red dashed line represents the full width
at half-maximum (FWHM) of the Gaussian fitting. (d) The averaged o as a function of twist angles based on results obtained from part of the
TBG devices in Fig. 2(e). The red and blue points represent results of the unreconstructed and reconstructed TBG devices, respectively. The
error bars reflect the standard error of the data.

To further understand the observed phenomena, we calcu- areas for the AA, AB, and DW regions in different twist
late the stacking energies of both the reconstructed and unre- angles are extracted from the results obtained in Ref. [10]
constructed TBG as a function of twist angles, according to (see Supplemental Material for details of calculation [24]).
the theoretical results in Refs. [10,47]. In the calculation, the For the unreconstructed TBG, two different interlayer dis-
total atoms of different TBGs are assumed to be the same and ~ tances are considered in the calculation and the real interlayer
are equal to the number of atoms in a moiré unit cell of the cal- distance d of the TBG is expected to be within them, i.e.,
culated TBG with the minimum twist angle, as schematically 3.2A <d < 3.6A [48]. Figure 4(a) shows the calculated
shown in inset of Fig. 4(a). For the reconstructed TBG, the vdW stacking energies as a function of twist angles for both
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FIG. 4. (a) The calculated vdW stacking energy as a function of twist angles for both the reconstructed and unreconstructed TBG. The red
and pink dashed curves are calculated with different interlayer distances. The inset shows schematic of stacking order assignments. The red
shade part represents the area of the moiré unit cell. (b) The difference of vdW stacking energy between the unreconstructed and reconstructed
TBG (blue curve) and the absolute value of deviation of the vdW energy difterence (red curve) as a function of twist angles.
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the reconstructed and unreconstructed TBG. The energy dif-
ference between them is shown in Fig. 4(b) (here we use the
result of d = 3.6 A for the unreconstructed TBG for simplicity
and the result of other distances is similar). For very small
twist angles, the vdW stacking energy of the reconstructed
TBGs is much smaller than that of the unreconstructed TBGs.
Then, the TBG prefers to expand the AB and BA regions
to gain vdW energy, which is much larger than the losing
elastic energy in the formation of the DWs. Therefore, we
always observe the reconstructed structures for the TBG with
very small twist angles. With increasing the twist angle, the
energy of the unreconstructed TBGs decreases slowly, while
the energy of the reconstructed TBGs increases quickly. At a
sufficiently large twist angle, the gaining vdW stacking energy
cannot compensate for the losing elastic energy in the TBG.
Then, the TBG prefers to be in the structure consisting of two
rigid layers. As a consequence, we always observe the un-
reconstructed structures for the TBG with large twist angles.
For the TBG with intermediate twist angles between that of
the rigid regime and the relaxed regime, the difference of the
vdW energies between the two structures is not quite large.
Then, the subtle balance between the gaining vdW energy
and the losing elastic energy makes both the reconstructed
and unreconstructed TBG energetically stable. Consequently,
we observe both the structures in the transition region in our
experiment. In Fig. 4(b), the derivative of the vdW energy dif-
ference between the reconstructed and unreconstructed TBGs

as a function of the twist angle is also plotted. It is interesting
to find that the absolute value of the derivation increases
rapidly below a critical twist angle, ~0.9°, which means that
the energy difference between the reconstructed and unre-
constructed TBG increases much quicker below the critical
twist angle. Such a result helps us to further understand the
experimental result that there is only reconstructed TBG for
6 < 0.90°.

IV. CONCLUSIONS

In summary, we systematically study structures of the
TBGs and demonstrate that there are three regimes cat-
egorized by their structures. In the transition regime,
0.90°<0<1.80°, both the reconstructed and unreconstructed
structures coexist in the studied TBG. Our analysis indicates
that subtle balance between the interlayer stacking energy and
intralayer elastic energy in the TBG with intermediate moiré
sizes leads to the coexistence of the two structures in the
transition regime.
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