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TOPICAL REVIEW — Twistronics

Twistronics in graphene-based van der Waals structures

Ya-Ning Ren(fEFET*), Yu Zhang(5K%E)7, Yi-Wen Liu(XI75 )", and Lin He(fa]#k)*
Center for Advanced Quantum Studies, Department of Physics, Beijing Normal University, Beijing 100875, China

(Received 21 August 2020; revised manuscript received 2 September 2020; accepted manuscript online 28 September 2020)

The electronic properties of van der Waals (vdW) structures can be substantially modified by the moiré superlattice
potential, which strongly depends on the twist angle among the compounds. In twisted bilayer graphene (TBG), two low-
energy Van Hove singularities (VHSs) move closer with decreasing twist angles and finally become highly non-dispersive
flat bands at the magic angle (~ 1.1°). When the Fermi level lies within the flat bands of the TBG near the magic angle,
Coulomb interaction is supposed to exceed the kinetic energy of the electrons, which can drive the system into various
strongly correlated phases. Moreover, the strongly correlated states of flat bands are also realized in other graphene-based
vdW structures with an interlayer twist. In this article, we mainly review the recent scanning tunneling microscopy (STM)
advances on the strongly correlated physics of the magic-angle TBG (MATBG) and the small-angle twisted multilayer

graphene. Lastly we will give out a perspective of this field.

Keywords: twisted bilayer graphene, correlated states, superconductivity

PACS: 73.22.Pr, 73.21.Cd, 73.22.Gk

1. Introduction

The discovery of graphene has generated an exten-
sive investigation on two-dimensional van der Waals (vdW)

materials,[!-12]

among which the bilayer graphene is con-
sidered as an ideal model system and has attracted much
attention in the past few years. Both experiments and
theoretical calculations reveal that the interlayer vdW in-
teractions and band structures of bilayer graphene can be
dramatically modulated by the twist between two adjacent
graphene layers.!'>#!l For the large twist angles of 6 >
5.5°, the two graphene layers are usually electronically de-
coupled and each layer of them behaves as a monolayer
graphene, 3340441 except for a small set of angles which
yield commensurate structures.! 4?3943 With decreasing the
twist angle, low-energy Van Hove singularities (VHSs) of
twisted bilayer graphene (TBG) gradually move closer, ac-
companied by a pronounced suppression of Fermi velocity
due to the strongly interlayer coupling.!16-27:33.37.38.46] \When
the twist angle approaches the magic angle (~ 1.1°), the
Fermi velocity almost vanishes, resulting in two highly non-
dispersive flat moiré bands closely flanking the charge neutral-
ity point.[18-23:3747-701 I the past two years, the TBG near the
magic angle has opened a fascinating new chapter in the field

(61-96]" An exception-

of strongly correlated quantum matter.
ally wide range of correlated physics, such as Mott insulator,
superconductivity, ferromagnetism, and topology, are experi-
mentally observed in the TBG near the magic angle. [63:6475-94]
In this article, we first summarize the electronic properties of

the TBG within a broad range of the twist angles from 0°
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to 60°. And then, we mainly focus on the strongly corre-
lated phases in the TBG near the magic angle, following by
the comparison of flat-band physics in the small-angle twisted
multilayer graphene. After that, the moiré periodic potential
induced exotic physics in graphene/hexagonal boron nitride
(hBN) heterostructure and the proximity effect induced prop-
erties in graphene/transition metal dichalcogenides (TMDs)
heterostructures are briefly introduced. At last, we present the
outlook and challenges in this field.

2. Electronic properties of TBG

Considering that the complex geometry of the TBG can
dramatically affect its electronic properties, >~ we first de-
vote some attention to the atomic structures. Strictly, the pe-
riodic moiré superlattice of the TBG only occurs at specific

so-called commensurate angles that satisfy!!4-19-26-28]

3p?+3 2/2
0= cos! (L I34TT/Z) )
3p*+3pg+gq
where p and ¢ are coprime positive integers. As shown

in Fig. 1, the commensurate superlattice with a long-ranged
moiré period in real space is easily formed for the twist an-
gles in the vicinity of 0° and 60°. In contrast, the incom-
mensurate superlattice with rotational symmetry but not a
long-ranged translational symmetry is more common for the
twist angles around 30°.1°8-107 Usually, study on the TBG
mainly focuses on the commensurate superlattices because the
strength of interlayer coupling is expected to introduce many
exotic phenomena which are quite different from that in the

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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components, (03961081261 Among all, the TBG near the magic
angle of approximately 1.1° has attracted enormous interest.
Many strongly correlated physics, such as Mott insulating
state, superconductivity, strange metal (non-Fermi liquid), ne-
maticity, topology, and magnetism for the partially filled moiré
flat minibands have all been reported in recent experiments
(Fig. 1).163-%6]

With the reduction of the twist angle, the interplay be-
tween the vdW interaction energy and the elastic energy of the
TBG is expected to result in obviously structural relaxation
and atomic reconstruction.['?6-1301 Specifically, the atomic
registry varies continuously across the moiré period between
AA, AB, and BA stacking configurations, with the growth of
the energy-favorable AB and BA stacking regions and the re-
duction of the AA stacking region (In the AA stacking region,
each top-layer atom locates directly onto a bottom-layer atom.
In the AB/BA stacking region, each A/B-sublattice atom of
the top layer locates onto a B/A-sublattice atom of the bot-

\ Strange |
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Corelated
insulator
=

Temperature, T
Charge neutrality

¢ commensurate 4

tom layer, while the B/A-sublattice atoms of the top layer
have no partner in the bottom layer).l'>6-139 Once the in-
verse symmetry of the AB/BA stacking is broken by an ex-
ternal displacement field or the substrate-induced staggered
potential, it is expected to open a band gap,[!31-136] accom-
panied by the different band topologies of the AB and BA
stacking regions.!'37-1431 In this case, the topologically pro-
tected one-dimensional network of valley Hall states and two
pairs of helical edge modes at the AB-BA domains are ex-
pected to appear,!!9-124126] 45 shown in the bottom left panel
of Fig. 1. Moreover, the AB-BA domain and its band structure
can be tuned by electrostatic force near the magic angle.[!!6]
The large coherence length of the topological network modes
provides a platform to accommodate various interference os-
cillations. Very recently, the Aharonov-Bohm oscillations un-
der perpendicular magnetic fields are experimentally observed
in marginally TBG due to the existence of a triangular network
of one-dimensional states (top left panel of Fig. 1).[112-114]

\ Strange [
\ metal |

Correlated
insulator

Band insulator

incommensurate»l,

I el 1 0 o | DG O, 5, (o / ©

01 N L1

10 / 30T 60

Fig. 1. Abundant physical phenomena in TBG. On the logarithmic axis of twist angle, the blue regions correspond to the commensurate angle, and the red
regions correspond to the incommensurate angle. The arrow points out several typical physical phenomena, the angles from small to large correspond to:
Aharonov-Bohm oscillations along the triangular network of AB/BA domain walls (6 ~ 0.1°). Reproduced with permission from Ref. [113]. Copyright
2019, Nature Publishing Group. Topologically protected helical edge states on the domain wall network (6 ~ 0.245°). Reproduced with permission
from Ref. [111]. Copyright 2018, American Physical Society. Strongly correlated phases for the partially filled moiré flat minibands on MATBG systems
(6 ~ 1.1°). Reproduced with permission from Ref. [79]. Copyright 2020, American Physical Society. Reproduced with permission from Ref. [154].
Copyright 2018, National Academy of Sciences. The higher-order topological insulator with topological corner states (6 ~ 21.78°). Reproduced with
permission from Ref. [125]. Copyright 2019, American Physical Society. The emergence of mirrored Dirac cones in graphene quasicrystal (6 ~ 30°).
Reproduced with permission from Ref. [99]. Copyright 2018, American Association for the Advancement of Science. Reproduced with permission
from Ref. [100]. Copyright 2018, National Academy of Sciences. Flat bands caused by the electrons confined in a geometrically frustrated network of
topologically protected modes (6 ~ 38.21°). Reproduced with permission from Ref. [148]. Copyright 2019, American Physical Society.

For the large twist angles around 30°, the atomic struc-

ture of the TBG is usually incommensurate with only quasi-

(98—

periodicity symmetry.[?®-1971 On the one hand, the interlayer

interaction of the large-angle TBG was assumed to be negligi-

ble due to the lacking of phase coherence, which was thought
of as a pair of decoupled monolayer graphene sheets. [33-40-441
On the other hand, the conventional moiré effective theory,

which bases on the interference of the lattice periods,“3‘3”
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cannot describe the electronic structures of such an incommen-
surate stacking. The large-angle TBG has attracted increasing
attention only recently when the 30° TBG was successfully
synthesized on the 4H-SiC (0001),19% 1441431 pt (111),1100]
Cu-Ni (111),1140] and Cu (111)[103.105.147] gypstrates. The
30° TBG, a typical incommensurate configuration with a 12-
fold rotational symmetry (Fig. 1), is the first experimen-
tal realization of the two-dimensional quasicrystals based on
graphene. Contradicting the belief, recent angle-resolved pho-

99,100

toelectron spectroscopy (ARPES)! I and scanning tunnel-

ing microscopy (STM)!!03]

experiments show the signatures
of extra mirrored Dirac points inside the Brillouin zone of
each graphene layer, together with a gap opening at the zone
boundary (Fig. 1). This result demonstrates the strongly inter-
layer coupling with quasi-periodicity in the 30° TBG. More-
over, the well-defined Landau quantization of massless Dirac
fermions is observed in the scanning tunneling spectroscopy
(STS) spectra, highlighting the relativistic Dirac fermion qua-
sicrystal of the 30° TBG.!?3

Around 30°,

large twist angles of the TBG with the commensurate
[14,28-30,45]

there still are a series of discrete

configuration, as shown in Fig. 1. The angular-
dependence conductivity measurement also highlights the
commensurate crystalline superstructure of the TBG at the
twist angles of 21.8° and 38.2°,*! arising from the coher-
ent two-dimensional electronic interface state.!!*?8] Theoret-
ically, the TBG with large commensurate angles (such as
6 =21.8°) are predicted to be a generic higher-order topolog-
ical insulator, which is characterized by the topologically pro-
tected corner states.!'2>] Moreover, for the TBG with a twist
angle that is sufficiently close to the commensurate 38.2°, the
alternative commensurate configurations, i.e., the gapped ex-
change symmetry even (SEE) and the gapless exchange sym-
metry odd (SEO),I'"*! geometrically frustrate the network of
topologically protected counterpropagating chiral modes. 48]
The emergent geometric frustration of the system gives rise to

e, 1148

flat bands and a Kagome lattic ! which may be an exciting

platform for exploring the spin-liquid physics and other exotic
states. [149-151]

As we summarized in Fig. 1, the TBG exhibits a vari-
ety of exotic electronic properties, which strongly depend on
the interlayer twist angle. In the following part, we mainly
focus on strongly correlated physics in the magic-angle TBG

(MATBG).

3. MATBG
3.1. Symmetry breaking in the MATBG

In the TBG, a finite interlayer coupling between the two
graphene layers leads to the emergence of two saddle points
appearing at the intersections of the two Dirac cones, which

consequently generate two low-energy VHSs in the density of
states (DOS) (inset of Fig. 2). Theoretically, the energy sepa-
ration of the two VHSs can be roughly estimated as!!%-33-38:40]

AEvyys =~ hvpAK — 2t9, 2)

where AK = 2|K|sin(6/2) is the relative shift of the Dirac
points of the adjacent graphene bilayers with the reciprocal-
lattice vector K in reciprocal space, tg is the interlayer hop-
ping, % is the reduced Planck constant, and vg is the Fermi
velocity. According to Eq. (2), the two VHSs move closer to
each other with decreasing the twist angles. Here we summa-
rize the energy separations of the two VHSs AEygs vs 0 of the
TBG acquired from the STS measurements 3234406772971 54
shown in Fig. 2. Consistent with Eq. (2), the AEyys generally
decreases with decreasing the twist angles. However, there is
a wide distribution of the experimental data, which may result
from the variation of tg in different TBG samples.

,é é@?

ref.67 @ ref.37
ref. 71 ref. 38
ref. 69 ref. 39
ref. 70 ref. 32
ref. 68 ref. 40
ref.97 @ ref.35
ref.72 @ ref.36

XXX XXX

1 1

6 8 10
Rotation angle 0/°

Fig. 2. VHSs separation as a function of twist angle 6. Solid colorful
circles are the experimental data measured in different TBG from dif-
ferent references. The data are taken from Refs. [32,35-40,67-72,97].
Error bars in energy represent the peak position change caused by slight
doping change. The inset shows the electronic band structure of TBG.
Left: The first Brillouin zone of TBG with twist angle 6. K; and K;
are the Dirac points of top and bottom layers. Middle: Energy disper-
sion relation of the overlap of the two Dirac cones, giving rise to two
VHSs which generate peaks in the DOS. Right: Diagram of the energy
dependence of DOS near the Fermi level.

When the twist angle is close to the magic angle (~ 1.1°),
the quantum interference of electrons in the superlattice po-
tential gives rise to extremely narrow low-energy bands, i.e.,
the flat bands, and isolates them from higher-energy dispersive
bands,!18-2347-601 a5 shown in Fig. 3(a). There are three im-
portant parameters in the single-particle band structure of the
TBG near the magic angle: (i) the energy separations of the
two VHSs or the two flat bands (labeled as AEyys), (ii) the
bandwidth of each VHS or each flat band, and (iii) the band
gap between the flat bands and the upper dispersive bands
(labeled as Agap). These parameters are systematically mea-
sured by different groups in the past few years.[3>-37.62-81,126]
In Figs. 3(b)-3(e), we summarize the AEyys, the full-width at
half-maximum (FWHM) of the VHSs, and the Ag,, acquired
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from STS and transport measurements in the TBG near the
magic angle, respectively. Obviously, the measured data vary
from sample to sample and exhibit large differences, some-
times even by an order of magnitude in the TBG with almost
the same twist angle. This result highlights the complexity and
lack of reproducibility even in the single-particle band struc-
ture of the TBG near the magic angle..

When the Fermi level lies within the flat bands in the
MATBG, the Coulomb interactions between electrons, which
can be estimated by U ~ &2 /€Ly, (€ is the effective dielectric
constant, and /,, is the moiré period), become important with
respect to the kinetic energy set by the bandwidth W of the

exhibit various strongly correlated phases. Indeed, recent STS
measurements have shown obvious signatures of many-body
correlations in the TBG near the magic angle.[64-7274.95.96]
When the two flat bands in the MATBG are fully occupied
or empty, the STS spectra show sharp peaks associated with
the two nearly flat conduction and valence bands, which are
consistent with the single-particle pictures./®7% When one
of the flat bands is partially occupied (not just at commensu-
rate fillings), the spectra show pronounced bands splitting to-
[64-71

gether with the broadening of both flat bands, lindicating

the importance of the interaction-induced symmetry breaking

flat bands.[124-156:198-202] Therefore, the system is expected to  states.
~ o
@ 6=1.1 (B) 5, ___ © 4
mee o @ ref.67
§=e ks ¢ s i §
o :v: * rvllz e 60} :mo
A v > ofsaiz: ° - -
gap Vo g |oma 2 g 9 rey
5 A a? * Sl ref. 36 o
= 3 g«) . N E 40 o S %
> o o}
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] * 8 £3
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Fig. 3. The sample differences of TBG in different references. (a) A schematic diagram of the MATBG band structure and the corresponding
DOS showing VHS peaks. The colored arrows point out three typical parameters: the band gap between the flat and the upper dispersive band
(Agap marked by blue), the full-width at half-maximum of the VHSs (FWHM marked by red), the energy separations of two VHSs (AEyys
marked by green). (b) VHSs separation AEyys as a function of twist angle 6 near MA-TBG. Solid colorful circles are the experimental data
measured in different TBG, and the chemical potential is in between the two VHSs. The data are taken from Refs. [35,36,65,67-72]. The open
stars symbols represent data for the band fully filled or fully unfilled. The data are taken from Refs. [32,37,65,67,68,70,74]. (c) The FWHM
of the VHSs as a function of twist angle 6, each of VHS is fully occupied or unoccupied. The data are taken from Refs. [35-37,67-72]. Solid
colorful circles represent the FWHM of conduction VHS. Open colorful circles represent FWHM of valence VHS. (d) and (e) The energy gap
Agap between the flat bands and the higher-energy dispersive bands as a function of twist angle 6. (d) Data from STM experiments. The data
are taken from Refs. [67,68]. (e) Data from transport experiments. The data are taken from Refs. [73,75-77,81,126,204]. Solid colorful circles
represent the gap between the electron flat band and the upper dispersive bands. Open colorful circles represent the gap between the hole flat
band and the lower dispersive bands. Error bars in (b)—(e) originate from the slight doping change.

One of the major differences in the STS spectra ex-
tracted from different research groups is worth highlighting
here. For the devices reported by Kerelsky et al. (1.15°),1]
Xie et al. (1.01°),17 Choi et al. (1.04°),[%%] and Jiang et
al. (1.07°),179 the partially occupied flat bands split into two
peaks with their energies locating on either side of the Fermi
level in the spectra (as schematically shown in Fig. 4(a)).
Other groups, such as Ren et al.,l”!l reported that the par-
tially filled flat band spontaneously splits into four peaks in

a 1.49° TBG, as shown in Fig. 4(b). Because of the four-
fold spin—valley flavour degeneracies of each flat band, the
strong electron—electron interactions are supposed to drive the
degenerate bands splitting into sub-bands in the framework
of Hartree—Fock approximation.!!>*187:197] The behaviors of
the spontaneous symmetry-breaking states of electrons in the
MATBG are analogous to the quantum Hall ferromagnets in
Landau levels (LLs) of graphene monolayer,?'%?13! in which
the isospin SU(4) symmetry of each LL is lifted due to the
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strong electron—electron interactions.?%-2!11' And simultane-
ously, the partially occupied LL splits into subset at all the in-
teger fillings.[>1>-221] Therefore, the splitting flat bands in the
MATBG can be naturally attributed to the correlation-induced
valley and/or spin polarized states. It is worth noting that,
comparing with the external-magnetic-field-produced LLs, the
flat bands in MATBG appear in the absence of the magnetic
fields, which are expected to introduce more abundant many-

body ground states under the zero magnetic field.

@ ),
3 56
2 2
LA E
5 3,
— —
) '\_ z, A
0 90 -60 -30 0 30 60

Bias/mV Bias/mV

Fig. 4. The STS spectra of TBG when one of the flat bands is partially
filled. (a) The schematic diagram of the partially filled DOS peak in
MATBG. (b) The partially filled flat band splits into four DOS peaks in
a non-magic-angle TBG with 6 ~ 1.49°. Reproduced with permission
from Ref. [71]. Copyright 2020, American Chemical Society.

3.2. Correlated insulator and superconductivity in the
MATBG

A central question in the TBG near the magic angle is
the nature of the observed many-body ground states, which
have been widely studied in the past two years.[%% To
date, many groups have examined the longitudinal resistance
(conductance) in the TBG near the magic angle as a func-
tion of carrier densities, temperatures, magnetic fields, and

[75-93

pressure via the transport measurements, I'and a zoo

of strongly correlated phases, such as correlated insulating
states and superconductivity, are clearly captured.”>-"3! Simi-
larly, the doping-dependent STS intensities at the Fermi level
can also mimics the conductance measured with the trans-
port where only charge carriers near the Fermi level have
contributions.[9>-68.70] Figure 5 summarizes representative re-
sults obtained in transport measurements(80:32-84.901 and STM
measurements %3701 in the TBG near the magic angle. A
common signature of insulating states appears at most or all
integer occupancies of the fourfold degenerate flat conduction
and valence bands, i.e., at moiré band filling factors v, where
v =0, £1, +2, 43 indicates the number of charge carriers
per moiré superlattice unit cell. Close to the certain insulating
states, superconducting domes are observed below the criti-

[75,78-92] ¢

cal temperatures via the transport measurements,
illustrated schematically in Fig. 5. Importantly, there are sig-
nificant differences in the acquired phase diagrams in different
experiments, as we will discuss subsequently.

First, some groups show the existence of correlated in-
sulating states at all integer moiré band fillings,®* while

other groups find semimetallic or metallic behavior at the

75-83,85-93]

same integer moiré band fillings.! The reasons

for this difference might be attributed to the unavoidable
strains, [67-6%:115.222] inhomogeneous twist angles, [8%:91:94.223]
the aligned or unaligned devices of the MATBG with respect
to the underlying substrate, [!39-194224-226] anq the thickness
of a dielectric spacer layer (typically hBN).[82:83.87.2271 O the
one hand, the electronic properties of the MATBG are very
sensitive to the lattice relaxation and heterostrain,[!126-128.222]
and the strain values of the devices during the sample prepara-
tion processes are indeed different according to several STM
experiments.[64‘72’74’95’96] On the other hand, the device se-
tups employed by different groups show great differences.
For instance, Cao et al. encapsulated the MATBG by hBN
flakes with the thicknesses of about 10-30 nm.[””-3% In con-
trast, the thicknesses of hBN in the fabricated devices are 30—
50 nm, 25-50 nm, and 10 nm for the experiments of Saito
et al.,’8?! Polshyn et al.,/’>! and Lu et al.,’®¥ respectively.
Recent experiments show that the dielectric environment of
the MATBG, i.e., thickness of a dielectric hBN layer, has
a strong influence on the screened electron-electron interac-
tions, which in turn have significant influence on the obtained
phase diagram.[3>83] In addition, a recent superconducting
quantum interference device fabricated on the apex of a sharp
pipette (SQUID-on-tip) measurement also highlights the un-
avoidable varying degree of twist-angle homogeneity in the
TBG samples.'®°! The large variations in the obtained corre-
lation phase diagrams in the TBG near the magic angle are
reasonable and expected with considering the lack of repro-
ducibility even in the single-particle band structure in this sys-
tem.

Second, superconducting signatures are not always found
at the same doping levels in the TBG with almost the
same twist angle in the transport experiments!”>~?3 and
no signature of superconductivity is observed in the STM
measurements®*~7% up to now (Fig. 5). In the transport exper-
iments, the superconductivity is usually deduced from a (near)
zero-resistance state that is rapidly suppressed with increasing
temperatures and magnetic fields, accompanied with a field-
dependent critical current that is consistent with Berezinskii—
Kosterlitz—Thouless (BKT) theory.[80-81.83.8488] At present,
the superconductivity is lack of reproducibility in the trans-
port measurement and only a few samples exhibit the zero-
resistance state. It is even more abnormal that all the ST'S spec-
tra show no signature of superconducting gap in the MATBG
up till now.[%*7%1 The local superconducting signals should
be much more accessible in the STM studies since the spa-
tial resolved STM and STS measurements can efficiently avoid
the impurities and inhomogeneous of the sample.?28-231] This
reminds us to treat the (near) zero-resistance phenomena in
transport measurements more critically, since other mecha-
nisms in the transport measurements such as ballistic trans-
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port may also lead to similar zero-resistance phenomena.[?3?!
In addition, recent studies pointed out that the similar sudden
drop in resistivity and nonlinear /-V characteristic were also
observed in twisted double-bilayer graphene, and these phe-
nomena may possibility originate from the spin-polarized cor-

(2331 Further measurements should be carefully

related state.
carried out in the near future to rule out any other possibili-

ties.
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Fig. 5. Correlated insulator and superconductivity in the MATBG. Top
panel: Conductance at the Fermi level as a function of filling factors
v in STM experiments. Grey areas correspond to fully occupied or
unoccupied flat bands. Green areas correspond to the CNP (v = 0).
Twist angles include 1.05°,1901 1,07°,1701 0.99° (681 and 1.01°.167] Bot-
tom panel: Superconducting phase diagrams acquired from the trans-
port measurements. Solid superconducting domes indicate the coex-
istence of superconductivity and insulating states at v = 2. Twist
angles include 1.14°,1°01 1.10°,1841 1.05° 891 1 16° 1801 and 1.27°.190)
Dotted superconducting domes indicate that the superconductivity per-
sists in the absence of the correlated insulators at v = 42. Twist an-
gles include 1.04°,1831 1.15° 1831 and 1.18°.182] The data are taken from
Refs. [66-68,70,80,82-84,90].

On the other hand, if the (near) zero-resistance fea-
ture indeed comes from the superconductivity, the origin
and mechanism of the superconductivity in the MATBG
are another key issue for researchers to address. So far,
there are mainly two different opinions on the relation-
ship between superconductivity and insulating behavior in
the MATBG. One is that the superconductivity and insu-
lating behavior are connecting,!’8-8084901 the other is that

g.[81-831 For the research groups such as

they are competin
Cao et al.,l"*8038] their experimental data show that both of
the superconductivity and insulating state arise from strongly
electron—electron interactions and are closely connecting in
the MATBG. Their experiments indicate a tantalizing resem-

blance to that of cuprate superconductors for the following

three reasons: (1) The phase diagrams show that the supercon-
ducting domes are always in close proximity to the insulating
states; [80:182.234-236] (2) A broad regime of temperature-linear
resistivity is observed for a range of fillings near the correlated
insulator, and the ratio of the critical temperature to the Fermi
energy is relatively large; (72372421 (3) A strongly anisotropic
phase appears in a wedge above the under-doped region of
the superconducting dome, and the superconductivity exhibits
an anisotropic response to the direction of in-plane magnetic
fields, which reveals a nematic pairing state across the entire
superconducting dome. [88:184.196.243-252] However, for the re-
sults obtained by the research groups such as Saito et al.[8?]
and Stepanov et al.,®3] the superconductivity and correlated
insulator are competing with each other in the MATBG: the in-
sulating phase arises from electron—electron interactions while
superconductivity arises from conventional phonon-mediated
pairing.[!7¢-1811 Tn their experiments, the correlated insulat-
ing states at v = =2 are substituted by metallic states by de-
creasing the thickness of the dielectric environment to inde-
pendently suppress the Coulomb energy.8>331 However, the
superconductivity still persists in the absence of the corre-
lated insulators and even takes over the phase space vacated by

(81-83] Moreover, the superconductiv-

81-83]

the correlated insulators.
ity can survive to a larger detuning of the twist angles.!
In this framework, the electric pairing is between weakly in-
teracting band electrons, since any tendency of the electrons
to form an insulating phase would suppress superconductiv-
ity because fewer electrons would be available to pair. In
addition, conventional phonon-mediated pairing in graphene-
based systems with a high DOS at the Fermi level is a realis-

tic possibility, such as in an intercalated graphite.[>>3->7] De-

32-54,152-184,198] the microscopic

spite many theoretical works,!
mechanism of the pairing interaction and the symmetry of the
superconducting order parameter still have not reached con-

sensus, which needs to be continuously explored.

3.3. Nematicity in the MATBG

In the single-particle theoretical picture, the moiré peri-
odic potential in the TBG leads to the spatial variation of the
DOS, which is expected to exhibit the same or inverted con-
trast as atomic topographies in the STM images.[!3-1519-21]
The Coulomb interactions can efficiently break the symme-
try of electronic wavefunctions, !184196.250-2321 req]ting in the
spatial redistribution of the DOS within each moiré super-
lattice. Experimentally, the spatial-resolved DOS can be
directly visualized via the conductance maps in the STM

65.68-72.2031 Figure 6(a) shows a schematical atomic

studies. !
structure of two misoriented graphene sheets with the twist
angle 6, which exhibits the Cg rotational symmetry. When
the twist angle is far from the magic angle, the conductance

maps at energies around the VHS peaks show the same fea-
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tures as topographies and maintain the Cs symmetry. 70722031

Similar Cg-symmetry conductance maps are also observed
in the MATBG when the two flat bands are fully filled or
empty (Fig. 6(b)!"°! However, when the Fermi level locates
at the charge neutrality point (CNP) of the MATBG, the
low-energy conductance maps show an obvious correlation-
induced charge redistribution in each moiré, which suppresses
the DOS at AA regions and highlights the domain wall
areas.[%8] Particularly, the conductance maps at the energies
of two flat bands show pronounced anisotropy, reducing the
symmetry from the initial Cs to C, with the symmetry axes
perpendicular to each other.[0%-68.72,186]

When one of the flat bands (VHS peaks) in the MATBG
is partially filled, the wavefunctions for both flat bands change
dramatically, resulting in different symmetry breaking phases
for different moiré band fillings.[63-7174-95.193-1991 Eor the par-
tially filled flat band, the DOS for v = 1 are no longer local-
ized at the AA regions. In contrast, the DOS for v =2 are
still localized at the AA regions, accompanied by the bro-

(651 (as schematically shown

ken of Cg rotational symmetry
in Fig. 6(c)). The stark differences between v = 1 and 2
fillings indicate that they are intrinsically different correlated
phases.[%°) These results are well consistent with the fact
that the ground state of v = 1 is both spin and valley po-

larized, while the ground state of v = 2 is either spin or

valley polarized.[!87-18%191=1941 Moreover, the charge redis-
tributions in the partially filled flat band prefer to result in
the stripe charge order,[®%°711 suggesting a high suscepti-
bility towards nematicity.[184196:250-2521 Thjg result is similar
to the cuprate superconductors, where the superconductivity
is intimately connected to the nematic phase and pseudo-gap
state.[243-248] However, we should still be much careful about
this viewpoint. On the one hand, only a small amount of strain,
which is almost unavoidable in the TBG, can introduce addi-
tional broken of symmetries.!!73222201 Although the strain-
induced trivial symmetry-breaking state is supposed to be uni-
form with different energies and fillings, there still exists the
possibility that the coexistence of both strain and unaccounted
electronic correlations stabilizes the system as the observed
ground state.['3%258] On the other hand, the domains of stripe
charge order with different orientations are expected to appear
in the nematic phase,232%251 which is still experimentally
lacking in the MATBG up till now. In addition, theoretical cal-
culations have predicted abundant competing quantum states
and correlated ground phases in the MATBG, which strongly

depend on the subtle atomic structures and sample preparation

processes.[ 18172021 Therefore, the intrinsic ground states and
fundamental effects in the MATBG need to be further care-
fully studied.

High

Soa

Low

Fig. 6. Spatially resolved conductance maps at the energies of the flat bands (VHSs) in MATBG. (a) Schematic atomic structure of the TBG
with a twist angle 6. The AA stacking configurations are marked in the panel, exhibiting the Cg rotational symmetry. (b) The conductance
maps at the energies around the VHS peaks show the same features as topographies and maintain the C¢ symmetry when the two VHSs are
fully filled or empty. (c¢) The conductance maps at the energies around the VHS peaks show a pronounced anisotropy in each moiré when the
Fermi level lies in one of the VHSs, reducing the symmetry from the initial Cg to C,.

3.4. Topology and magnetism in the MATBG

Recent experiments on v = 3 filling of the conduction
band in the TBG near the magic angle reveal quite distinct
ground states, such as metallic phase,®'-83] thermally ac-
tivated trivial insulator,[7>34% and (quantized) anomalous
Hall effect.!7%3] These differences highlight the extreme sen-
sitivity of symmetry-breaking phases to the fine atomic struc-
tures of the TBG and the surrounding atmosphere. Among
all, the (quantized) anomalous Hall effect, which is supposed
to be energy-favored when the MATBG is closely aligned to
the hBN layers, [76:93,189-194.224-2261 5 of great interest and at-

tracts much attention. Sharpe et al. observed a giant anoma-

lous Hall (AH) effect at around v = 3 of the TBG near the
magic angle (1.17°) that is on top of hBN layers with the corre-
sponding angle of 0.81°, and the Hall resistance R,, displayed
hysteresis loops under external magnetic fields.[”3! Moreover,
they acquired the chiral edge currents via the nonlocal trans-
port measurements, which are the characteristic of topological

s.193

phases.[?3! Very recently, Serlin et al. not only well repeated

the hysteresis loops, but also realized the switch of the mag-

t.[761 More importantly,

netization via a small charge curren
they observed a well-quantized resistance Ry, = h/ % under
zero magnetic field at v = 3 of the hBN-aligned TBG near the
magic angle (1.15°), demonstrating the realization of a quan-

tized anomalous Hall (QAH) state in this system (Fig. 7).!7°]
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(@)
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Fig. 7. Quantized anomalous Hall effect in TBG (6 ~ 1.15°) at v = 3. (a) Longitudinal resistance R,, and Hall resistance R,, measured at
B =150 mT and T = 1.6 K as a function of carrier density over the entire flat bands. Near the v =3, R,y approaches h/e2 and Ry, reaches a
deep minimum, illustrating the quantized anomalous Hall state. (b) Magnetic-field-dependent R, and R,y at v = 3. The sweep directions are
indicated by the arrows, showing an obvious hysteresis. Reproduced with permission from Ref. [76]. Copyright 2020, American Association

for the Advancement of Science.

The observation of hysteresis loops at v = 3 filling of the
hBN-aligned TBG near the magic angle gives a clear exper-
imental evidence of the ferromagnetic state.!’%>%4! Due to
the extremely weak spin—orbit coupling and the absence of
magnetic atoms in graphene system, the ferromagnetism in
the TBG near the magic angle is attributed to the purely or-
bital magnetism, with an easy-axis anisotropy arising from
the graphene bands.!!88-194224-226] Recent STM and super-
conducting quantum interference device (SQUID) measure-
ments also demonstrate the existence of a large orbital mag-
netic moment of several yg per electron per moiré unit cell in
the MATBG. 749491 Moreover, the coexistence of (quantized)
anomalous Hall effects and ferromagnetic insulating states is
reminiscent of the Chern insulator where the longitudinal re-
sistivity R,y approaches to zero and the Hall resistivity is quan-
tized to Ryy = h/Ce* (C is the Chern number arising from
the Berry curvature of the filled bands).[76-93:190-192] Theoret-
ically, the achievement of a Chern insulator should open up a
topologically nontrivial gap, i.e., the moiré miniband carries a
nonzero valley-contrast Chern number.[190-192:2231 In the TBG
near the magic angle, the atomic relaxation leads to the low-
energy flat band isolating from the higher-energy dispersive
bands by an energy gap.[>7-90:126.128] Although the combina-
tion of C,, symmetry (a twofold rotational symmetry around
the out-of-plane axis) and time-reversal symmetry in pristine
TBG interchanges the two valleys and forbids the Berry curva-
ture of the low-energy flat bands, the underlying near-aligned
hBN can open up a band gap at the Dirac point of graphene and
efficiently break the Co, symmetry.[76:93:189-194.224-226] Nore-
over, for the v = 3 filling flat band in TBG near the magic
angle, the strongly electron-electron interactions are expected
to spontaneously break both the spin and valley symmetries,
resulting in the electrons polarizing into a spin- and valley-
resolved moiré miniband.['87-13 Therefore, a valley Chern
number of C = 1 is generated, resulting in the energy-favored
QAH state at v = 3 filling flat band of the hBN-aligned
MATBG.!"®! Very recently, several groups also observed the
field-driven phase transition of valley-projected bands from
zero Chern numbers to nonzero Chern numbers at v = +1

and —2 fillings of the hBN-non-aligned MATBG, [63:64.83-86.92]
highlighting the possible competition between trivial insulator
and Chern insulator. However, the primary cause for the diver-
sities still remains to be determined.

The discovery of the QAH state in the MATBG provides
a new insight to search for high-quality QAH materials. In
traditional QAH materials such as (Bi,Sb),Tes, the broken of
time-reversal symmetry and the realization of topologically
nontrivial Chern bands are attributed to the external magnetic
dopants.[2°0-2951 Hence, the critical temperature of QAH is
much lower than the magnetic ordering temperature, because
it is strongly limited by the inhomogeneous structures.260-263]
In contrast, the intrinsic aligned MATBG-hBN processes the
necessary ingredients for the QAH state, offering a less disor-

dered system to realize a more robust quantization. 76!

4. Multilayer graphene

As shown above, the ratio between Coulomb interactions
and kinetic energy (bandwidth) is a key parameter to deter-
mine the strength of the electronic correlations.[134-136.198-202]
One of the new perspectives for extending the correlated be-
haviors is to seek for the graphene-based superlattices with a
tunable bandwidth. Twisted double-bilayer graphene (TDBG),
which consists of two sheets of untwisted Bernal-stacked bi-
layer graphene stacked together with a twist angle 6, is an
ideal candidate for investigating the novel correlated physics.
On the one hand, the Bernal-stacked bilayer graphene shows
a parabolic band dispersion, %6281 and the band gap opens
up at the charge neutral point with the increasing perpen-
dicular electrical displacement field,!'31=136] resulting in the
TDBG inheriting this electrically tunable flat band. [233:269-2801
On the other hand, the flat bands in TDBG emerge over
a wide range of twist angles and are much narrow ow-
ing to the gap.[?33269-2801 This distinguishes from the TBG
that the flat bands only emerge in the vicinity of the magic
angles. 18233747701 Therefore, the TDBG is supposed to ex-
hibit much richer phase diagrams that are highly sensitive to
both the twist angle and the application of an electric displace-
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ment field (Fig. 8).

DOS DOS DOS

Fig. 8. Schematic of the electrical-displacement-field-dependent low
energy moiré bands and DOS in the TDBG. The two parabolic disper-
sive bands are originated from the Bernal-stacked BLG. The two low-
energy flat bands are separated from the high-energy dispersing bands
by the moiré gaps. The bandwidth of the flat bands W and the band gap
A at the charge neutral point can be easily tuned via the perpendicular
electrical displacement field D. In a specific range of D, the correlated
insulating states emerge when the isolated flat band is half filled, ex-
hibiting the spin-polarized ordering.

Recent transport experiments highlighted the correlated
insulating behavior for TDBG with the twist angle 6 < 1.3° at
v =1, 2, 3 fillings of the moiré unit cell. The correlated insu-
lating behavior can be sensitively switched on and off by the

233,269-2731 Among all, the v = 2 correlated

displacement field.!
insulating state is particular. In stark contrast to the MATBG,
the v = 2 insulating gap of the TDBG shows a linear response
to the parallel magnetic fields and yields a g-factor that is close
to g = 2, suggesting the signature of the spin-polarized ground
state[>33:270.2711 (Fig, 8). With the twist angle decreasing to
0.84°, multiple correlated states appear at the half filling of
each high-energy flat bands, all of which are tunable by the
displacement field as well.[*’% Similar to the MATBG, Liu et
al.,?3] Cao er al.,mo] and Shen er al.*"Y observed half- and
quarter-filling correlated states in the TDBG system at zero
magnetic field. Moreover, the correlated insulating states at
all the integer electron fillings are observed at certain displace-
ment fields under magnetic fields. However, the spin-polarized
ground states at half-filling, the drops in resistivity of metallic
states at low temperature, and the nonlinear /-V characteris-
tics indicate that it exhibits more complex and richer corre-
lated phases than the MATBG system.[?33270-2711 Until now,
not many explicit zero-resistance experiments have been pre-
sented or repeated. Liu et al. conjectured that the critical tran-
sition is a result of Cooper-pair formation, but the possible
superconductivity is developed only in the 1.26° device,!?*3]
and Lee et al. argued that it is a spin-triplet superconductiv-
ity from pairing between opposite valleys.!>’®! However, be-
cause of the absence of well-defined critical current, no sat-

uration to a normal state, and the nonlinear I-V outside the
halo, He e al. conjectured that the larger nonlinear /-V may
be formed by Joule heating, and the reversals in the sign of the
Hall coefficient indicates that spontaneous symmetry break-
ing is the origin of resistivity drops.?’?! Therefore, more ex-
periments should be taken to reveal the underlying mecha-
nism in the TDBG system. Moreover, when the twist angle
is only about 0.1°, it is energetically favorable for commen-
surate regions to maximize in area, leading to a significant
structural reconstruction of the triangular domains that alter-
nate with ABAB- and ABCA-stacked regions.[?31-283] This
result is similar to the tiny-angle TBG.I?6-1301 1t is worth
noting that the ABCA-stacked regions are a good region to
study the correlated physics of itself due to the band structure
E (k) o< k*.1281]

ABC-stacked trilayer graphene (ABC-TLG) is also a
great candidate for achieving the flat-band physics due to
the low-energy cubic dispersion relation of E (k) o< k* at
the K point in the first Brillouin zone.?8-23 When plac-
ing the ABC-TLG onto the hexagonal boron nitride (hBN)
with a large moiré superlattice, the moiré periodic poten-
tial can lead to the extremely narrow electronic minibands,
which are expected to exhibit abundant strongly correlated
physics.[68.189.294=301] Recent transport experiments show the
signatures of the Mott insulating states at 1/4 and 1/2 fillings of
the hole minibands in the ABC-TLG/hBN heterostructures at
a large vertical displacement field | D|.[?°>) In the slightly elec-
tron and hole-doped 1/4-filling Mott insulating state, the su-
perconducting domes emerge at the temperature below 1 K.[%8]
Moreover, the topology of the ABC-TLG/hBN moiré mini-
band shows greatly displacement-field-dependent. For the dis-
placement field D > 0, the hole miniband is topological with
a nonzero Chern number of C = 2 at the 1/4 filling. In con-
trast, reversing the displacement field to D < O can lead to a

2961 These experi-

topological trivial moiré miniband (C = 0).!
mental results have been followed by a number of theoretical
studies on the exotic properties of the flat bands in the ABC-
TLG/hBN heterostructures. [139297-3011 However, the possible
mechanism of the superconductivity is still full of debate up
till now. In addition to the intrinsic flat band of this system,
the magnetic field can condense the energy band into more
flatten LLs, and the interactions of electron can be revealed
by the broken-symmetry states of LLs, which indicates that it
is an ideal system to study the novel correlated phases in the
quantum Hall regime.[?8]

More recently, the twisted TLG is also considered as a
perfect system to study the emergent electronic correlations

302-314] For the twisted mono-

of the engineered flat bands.!
layer graphene-bilayer graphene (tMBGQG), i.e., the monolayer
graphene rotates with respect to the Bernal-stacked bilayer

graphene, it is predicted that there will be topologically non-
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trivial flat bands at small twist angle, which will be an ideal
platform for studying strongly correlated physics.>*! Sub-
sequently, experimental results show the correlated insulat-
ing states at fillings v = 1, 2, 3 electrons per moiré unit cell
when 1.2° < 8 < 1.4°,1303-305] The correlated insulating states
in the tMBG can be switched on and off by a displacement
field D with an asymmetric response to D, highlighting the

[303-305] 1 the vicin-

electron-hole asymmetry in this system.
ity of v = 1 correlated insulating state, there is the signature
of superconductivity. 3! Moreover, the quantized anomalous
Hall effect with Ry, = h/2¢* is observed at v = 1 and 3 fill-
ings, suggesting the spontaneous valley-polarized bands with
the Chern number of C = 2.134 These results have also been

[307.308] T addition, abundant

theoretically verified recently.
strongly correlated physics such as superconducting, topolog-
ical, magnetic, insulating, and metallic states and their interac-
tions are also widely predicted in the twisted TLG where one
of the three layers is twisted by a small angle relative to per-
fect AAA, ABA, or ABC stacking[309’3101 and even in twisted

e’[31 1-317

multilayer graphen I which need further research.

5. Graphene with other 2D materials

The lattice mismatch between graphene and the underly-
ing substrates gives rise to the moiré periodic potential, which
can significantly modify the electronic features of pristine
graphene. Especially, the graphene/hBN heterostructure has
attracted much interest. On the one hand, hBN can be used
as an ideal dielectric substrate, which not only couples weakly
to the graphene, but also significantly suppresses the charge
inhomogeneities and greatly improves the mobility of charge
carriers in graphene.?'8-321] Therefore, the graphene/hBN
heterostructure enables the experimental probing of rich in-
trinsic physics in graphene such as the relativistic quantum
Hall effect (QHE), fractional QHE, and more exotic corre-
lated states.[218:322-328]1 Op the other hand, hBN can act as
an active component of the vdW heterostructures and realize
a moiré superlattice structure together with graphene due to
the existence of lattice mismatch and related rotation between
them.®?”! In this case, the electronic properties of graphene
can be strongly modified and the new superlattice Dirac points
arise, which may be accompanied by the energy gap opening at

(3303321 Moreover, the long-wavelength

the charge neutrality.
graphene/hBN moiré pattern provides a unique platform to
experimentally realize the stunning self-similar recursive en-
ergy spectrum, i.e., Hofstadter butterfly.333-333] The plasmon
and phonon polaritons with exceptional properties are also ex-

5.1336.337] Moreover, the

pected to be achieved in these regime
twisted hBN/graphene/hBN heterostructure can host a second-
order moiré superlattice with an even larger periodicity, which

may result in a highly reconstructed graphene band structure

featuring multiple secondary Dirac points. 338 Recent exper-
iments report the tunable on/off bandgap at the original and
secondary Dirac points by rotating the partial component of
the heterostructure, suggesting a tunable transition between
the absence or presence of inversion symmetry in the twisted
hBN/graphene/hBN heterostructure. 3> This result provides
an insight for engineering the band structure of the vdW sys-
tem.

Recent advances in fabrication techniques have made it
possible to realize the vdW heterostructures with the com-
ponents of graphene and TMDs materials.[?043403411 The
(twisted) vdW heterostructures offer a unique platform for ad-
dressing many fundamental physics that the individual con-
stituent layers may not have.?*>-3*! One significant feature
that all TMDs have in common is the strong intrinsic spin—
orbit coupling (SOC), with the order of 100 meV in the
valence band and 10 meV in the conduction band.[?*3-330]
As for the graphene/TMDs heterostructures, the proximity-
enhanced SOC in graphene with several meV is expected
to achieve active graphene spintronics such as the spin
Hall effect and the inverse spin galvanic effect even at the
room temperature.>>1301 Moreover, the large proximate
SOC can efficiently generate the band inversion of bilayer
graphene (BLG) in the BLG/TMDs heterostructures, *1 and
can also result in the gate-tunable transitions between topo-
logical and trivial insulating states in the multilayer graphene
(MLG)/TMDs heterostructures. 21! Another distinctive elec-
tronic property of typical TMDs such as NbSe;, NbS;, TaSe;,
and Ta$; is the superconductivity at low temperature. 3623651
The strong SOC induced spin splittings cause the supercon-
ducting pairing to be of the Ising type, which is extremely

362.366,367] preyi-

robust to external in-plane magnetic fields.!
ous ab initio calculations show that a large superconduct-
ing pairing can be induced into the graphene layer despite
the large mismatch between the lattice constants of graphene
and NbSe;, and the proximity-induced superconductivity in
graphene can still maintain within a wide range of twist angles
due to the large size of the Fermi pockets in NbSe,. 368 Ex-
perimentally, the proximity-induced superconducting gap in
BLG of the BLG/NbSe; heterostructure and the Andreev re-

3691 In the future,

flection at their junction are clearly observed. !
the proximity-induced various electronic properties should be
carefully studied relying on available degrees of freedom such

as the twist angle and strength of interlayer coupling.

6. Conclusions and perspectives

In summary, the TBG is expected to exhibit an excep-
tionally wide range of physical phenomena, which dramati-
cally depends on the twist angles. Especially in the TBG near
the magic angle, many outstanding issues in condensed mat-
ter physics such as Mott insulating state, superconductivity,
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strange metal, nematicity, topology, and magnetism are totally
achieved for the partially filled moiré flat minibands. More-
over, much richer strongly correlated phase diagram is realized
in twisted multilayer graphene due to the additional tunable
degree of freedom of the electrical displacement field. How-
ever, there still exist many fundamental mysteries hidden in the
graphene-based twisted materials. One of the key questions is
whether there is any relation between the zero-resistance fea-
ture in transport measurement and superconductivity. If yes,
what is the origin and mechanism of the superconductivity?
Moreover, the ground states of these materials at different fill-
ings of the moiré flat band and their phase transitions under ex-
ternal magnetic fields are key questions for researchers to ad-
dress. Corresponding theoretical calculations need to be car-
ried out to capture the intrinsic physics and predict new phases
in this regime. In addition, the results in the MATBG can also
extend to other flat-band system, such as the strained graphene
with flat bands.
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