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Twisted graphene multilayers are highly tunable flatband systems for developing new phases of matter.
Thus far, while orbital ferromagnetism has been observed in valley-polarized phases, the long-range orders
of other correlated phases as well as the quantum phase transitions between different orders mostly remain
unknown. Here, we report an observation of Coulomb-interaction-driven first-order quantum phase
transitions and ferromagnetism in twisted double bilayer graphene (TDBG). At zero magnetic field, the
transitions are revealed in a series of steplike abrupt resistance jumps with a prominent hysteresis loop
when either the displacement field (D) or the carrier density (n) is tuned across a symmetry-breaking
boundary near half filling, indicating a formation of ordered domains. It is worth noting that the good
tunability and switching of these states give rise to a memory performance with a large on/off ratio.
Moreover, when both spin and valley play the roles at finite magnetic field, we observe abundant first-order
quantum phase transitions among normal metallic states from the charge-neutral point, orbital ferromag-
netic states from quarter filling, and spin-polarized states from half filling. We interpret these first-order
phase transitions in the picture of phase separations and spin-domain percolations driven by multifield
tunable Coulomb interactions, in agreement with the Lifshitz transition and the Hartree-Fock calculations.
The observed multifield tunable domain structure and its hysteresis resembles the characteristics of
multiferroics, revealing intriguing magnetoelectric properties. Our result enriches the correlated phase
diagram in TDBG for discovering novel exotic phases and quantum phase transitions, and it will benefit
other twisted moiré systems as well.

DOI: 10.1103/PhysRevX.13.031015 Subject Areas: Magnetism, Mesoscopics,
Strongly Correlated Materials

I. INTRODUCTION

Phase transitions are expected to occur at the instability
when thermodynamic properties (density of states, suscep-
tibility, or compressibility) or quasiparticle scattering rates
diverge. In the strong-coupling regime, i.e., U=W ≥ ∼1
where U is the Coulomb repulsion energy and W is the
kinetic energy, a rich interplay of charge, spin, and orbital
degrees of freedom contribute to versatile symmetry-
breaking phase diagrams where different correlated orders
compete or coexist. Twisted graphene multilayers emerge
as highly tunable flatband systems to realize these exotic
phases, such as correlated insulators [1–9], superconduc-
tivity [10–17], and magnetism [7,8,11,18–22]. In these
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flatband systems, the presence of van Hove singularities
(VHSs) [3,9,12,23] and cascade transitions [24–26]
contribute significantly to instabilities that lead to the
symmetry-breaking isospin polarizations and the resulted
delicate ground states. Thus far, orbital ferromagnetism
with magnetic domains have been observed in valley-
polarized phases [7,8,11,18–22] where Coulomb interac-
tion and band topology play important roles. However, the
long-range order of other correlated phases mostly remains
unknown. In particular, the spin-related phenomena are
rare, and direct evidence of the magnetic order of the spin-
polarized insulator has not been observed yet.
Here, we focus on the instability of a phase diagram

when spin fluctuations are critical in the vicinity of a spin-
polarized correlated insulator in twisted double bilayer
graphene (TDBG). With unique spin-polarized correlated
insulators [2–5] and VHS-like phase boundary [3,23],
TDBG is an excellent platform to study the spin-related
phases and phase transitions. Importantly, by sweeping the
carrier density n or displacement field D back and forth,

we observe first-order phase transitions at zero magnetic
field with a series of Barkhausen-like resistance jumps
and electrical hysteresis. We further demonstrate the
dominant role of the spin order by performing both in-
plane and out-of-plane magnetotransport measurements,
and interpret these first-order phase transitions in the
picture of correlation-driven spin-domain percolations. In
addition, we observe abundant first-order phase transitions
among normal metallic states from the charge-neutral point,
orbital ferromagnetic states from quarter filling, and spin-
polarized states from half filling.

II. RESULTS

A. D-field and doping-tunable first-order phase
transitions with hysteresis at B= 0 T

Figure 1(a) shows a typical phase diagram at T¼30mK,
i.e., a color mapping of longitudinal resistance Rxx as a
function of n and D, for the TDBG device with a twisted
angle of 1.35°, and Fig. 1(b) is the corresponding Rxy at a

FIG. 1. Gate-voltage-driven first-order phase transitions at the halo boundary. (a),(b) Rxx and Rxy maps as a function of ν and D. The
Hall resistance is measured at B⊥ ¼ 1 T. The black dots in (a) correspond to the points of Rxy ¼ 0 in (b). (c) Top panel: thermal
activation energy gaps versus D at ν ¼ 2. Bottom panel: calculated correlated gap as a function of interlayer potential difference Ud at
ν ¼ 2. The corresponding noninteracting Fermi surfaces are depicted in blue lines. (d) Schematics of different phases in (a) and (b). i, ii,
iii correspond to phase transitions among the three phases of NM, SPCIs, and SPM. Black arrows correspond to directions of spin. Gray
dashed lines correspond to Fermi levels. (e) ΔR maps limited in the white dashed box of (a). (f),(g) D- and doping-driven hysteresis
loops. The black (red) line corresponds to the forward (backward) sweep direction. (h) Transitions between low- and high-resistance
states by applying a sequential pulse voltage on the back gate.
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small magnetic field. The mappings reveal a correlated
insulator at half filling in the moiré conduction band
(ν ¼ 2) surrounded by a halolike structure, consistent with
previous works [2–5,23,27]. Such correlated states have
been regarded as the signature of spontaneous symmetry
breaking [3,23] in which spin degeneracy is lifted inside the
halo. The halo structure being a phase boundary separates
two kinds of phases: the normal metal (NM) outside the halo
and the correlated states inside the halo. Accompanied by
symmetry breaking, the band structure will be reconstructed
by electron-electron interaction [28] leading to the spin-
polarized metal (SPM, at ν ≠ 2) or the spin-polarized
correlated insulators (SPCIs, at ν ¼ 2) as shown schemati-
cally in Fig. 1(d). When the Fermi level is tuned across the
halo boundary at ν < 2, the Fermi pocket changes from
electron-type to hole-type with vanishing Rxy at the boun-
dary, depicted by the white contour in Fig. 1(b) and
corresponding black contour in Fig. 1(a). These transport
behaviors are related to the saddle-point-type VHS, at which
the density of states (DOS) diverges. The topology of Fermi
surface changes when the Fermi level crosses VHS, known
as the Lifshitz transition. As shown in Fig. 1(c), the transport
gap at ν ¼ 2 grows with jDj from 0.2 to 0.5 V=nm slowly
and then drops rapidly to zero within a range of 0.05 V=nm.
The different trends on two sides suggest an abrupt phase
transition between SPCIs and normal metal at large jDj.
These observations are coincident with our Hartree-Fock
calculations which show a sharp decreasing correlated gap.
These results strongly suggest a first-order phase transition
occurring between normal metal and SPCIs [iii in Fig. 1(d)]
at large jDj.
Smoking-gun evidence of the first-order phase transition

at B ¼ 0 T is revealed in the transfer curves when the gate
voltages are swept back and forth in the white dashed
box of Fig. 1(a). In Figs. 1(f) and 1(g), the longitudinal
resistance Rxx shows a hysteresis loop as D or ν sweeps
across the phase boundary in opposite directions. This loop
is independent of the sweep speed of the gate voltage
(Supplemental Material Note 2 [29]), and yet is sensitive to
activating current (Supplemental Material Note 3 [29]) and
temperature (Supplemental Material Note 6 [29]), demon-
strating an intrinsic first-order phase transition between
normal metal and SPCIs. In addition, multiple jumps, most
likely Barkhausen jumps [30], in hysteresis loops indicate
the formation of orderly domains. Note that the abrupt
transitions as well as the hysteresis at zero magnetic fields
are well reproduced in a separate TDBG device D2 with a
twist angle of 1.21° (Supplemental Material Note 9 [29]).
Considering the spin polarization of the insulator, we
conclude that there exist multiple spin-polarized ferromag-
netic insulating domains in this regime. By taking the
differenceΔR ¼ jRxxðþÞ − Rxxð−Þjwhereþ=− represents
the sweep direction, we map out the regime where first-
order phase transitions occur, shown by the blue color in
Fig. 1(e), along the halo boundary from ν ¼ ∼2 to

ν ¼ ∼1.7. Notably, the transition regime is intimately
related to the VHS in single-particle band structure calcu-
lated by a continuum model [bottom panel of Fig. 1(c)].
The Fermi surface at ν ¼ 2 changes from annular with
two pockets for medium interlayer potential difference Ud
(60–80 meV) to a simple surface with one single electron-
type pocket for large Ud > 80 meV. This coincidence
suggests the divergent DOS across the Lifshitz transition
plays a crucial role in the first-order phase transition, with
the satisfied Stoner criteria U � DOSðEFÞ > 1 (U stands
for the correlation strength) inducing ferromagnetic insta-
bilities of Fermi surfaces [31–34].
As an initial demonstration, we show that such stable

and gate-tunable first-order transitions could be useful for
memory. This is achieved by applying a pulse voltage on
the back gate in the phase-transition regime. As shown in
Fig. 1(h), a pulse voltage as small as 20 mV could induce a
transition between the low-resistance state of a few hundred
ohms (Ω) and high-resistance state of approximately 22 kΩ
with highly tunable nature. The switching of such resis-
tance states suggests that TDBG is a potential candidate for
the memory devices working at cryogenic temperature.

B. Ferromagnetic first-order phase transitions

In addition to the D-driven and the doping-driven ones,
we also observe magnetic field B-driven hysteresis. Let us
first focus on the perpendicular magnetic field (B⊥)
dependence for a fixed ν ¼ 1.95 in Fig. 2(a), where the
upper panel shows a color mapping of RxxðD;B⊥Þ at
T ¼ 100 mK, and the lower panel is a corresponding
hysteresis ΔRðD;B⊥Þ. Clearly, decent nonzero ΔR exists
only at a low magnetic field smaller than 1.5 T, and it
follows the boundary that separates the metallic states
with low resistances and the insulating states with high
resistances in the phase diagram. Figure 2(d) shows one
representative RðBÞ curve at D ¼ −0.527 V=nm, and it
gives a pronounced resistance hysteresis loop when the
sweeping direction of B⊥ is changed. The hysteresis
includes multiple steplike transitions, indicating the for-
mation of multiple ferromagnetic insulating domains,
and the whole loop is mirror symmetric with respect
to B ¼ 0 T. For a comparison, we perform similar mea-
surements at parallel magnetic fields (Bk) for a fixed
ν ¼ 1.95 in the same range of D, as shown in Figs. 2(b)
and 2(e). The resulted phase diagram and the hysteresis
loop at Bk are identical to those at B⊥ < 1.5 T, suggesting
that the magnetic first-order transitions and the hysteresis
are due to spin degrees of freedom, instead of orbital.
The origin of spin order is further supported by the

vanishing hysteresis and the reverse direction of phase
boundary at B⊥ > 1.5 T, as well as the lower R or ΔR at
B⊥ compared to those at Bk, where the orbital Zeeman
effect competes with the spin polarization [21,35].
The details of the isospin competition are discussed later
in the observation of other first-order phase transitions.
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C. Instabilities of the first-order transitions

The first-order transitions and the hysteresis are sup-
pressed with increasing T. For instance, the B-driven
hysteresis reduces as T is increased, and it totally
disappears at T ¼ 3.5 K in Figs. 2(c) and 2(f); similarly,
the D-driven hysteresis at B ¼ 0 T disappears at around
T ¼ ∼2.5 K (Supplemental Material Note 6 [29]). The
suppression is also observed when the applied current (I)
is increased [Supplemental Material Figs. 2(a)–2(c) [30] ].
Aside from the suppression of hysteresis, it needs a
bigger critical field to realize the first-order transition
when the T or I is increased. For instance, at v ¼ 1.95 and
D ¼ −0.527 V=nm, the critical fields (Bc) of the B-driven
first-order transitions are revealed in the RðB⊥; TÞ map-
ping in Fig. 2(c), where B is swept from negative to
positive, and T is swept from low to high temperature.
Note that there are two critical fields, a smaller Bc1
(negative) for the insulator-to-metal transition and a
bigger one Bc2 (positive) for the metal-to-insulator tran-
sition indicated as the black and the red dots in Fig. 2(c),
respectively. The critical field follows a power-law

relation, i.e., Bc − B0 ∼ Tα, where B0 is the critical field
at the zero-temperature limit, and α represents the power-
law coefficient. The critical field corresponds to the
minimum spin Zeeman energy 1=2gsμBBc for nucleation
of ferromagnetic insulating domains, while the temper-
ature represents the minimum thermal fluctuation kBT to
break the ferromagnetic order. Here, gs ¼ 2 is the spin g
factor, μB is the Bohr magneton, and kB is the Boltzmann
constant. We find that B0 is around zero for Bc1 and a
nonzero value for Bc2, and α is between 2 and 3 for both
Bc1 and Bc2. It is notable that almost the same α is
observed in another device D2 (Supplemental Material
Note 9 [29]), suggesting a universal role in this critical
phenomenon. Last but not least, the zero-field resistance
RxxðB ¼ 0 TÞ in Fig. 2(c) shows an insulatinglike behav-
ior at T < 1 K of approximately 6 kΩ, and then it
suddenly drops below 300 Ω at T ¼ 1 K, showing a
metallic behavior at T > 1 K; alternatively, such an
insulator-to-metal transition could also be achieved at
T < 1 K by applying a large current of 50 nA, as shown in
Supplemental Material Note 2 [29].

FIG. 2. Spin-polarized ferromagnetic insulators. (a) Rxx andΔR as a function ofD and B⊥ at ν ¼ 1.95. (b) Rxx andΔR as a function of
D and Bk at ν ¼ 1.95. (c) Rxx as a function of B⊥ and T at ν ¼ 1.95 and D ¼ −0.527 V=nm. Critical magnetic fields Bc are marked by
black (B⊥ < 0) and red (B⊥ > 0) points. The gray line corresponds to the power-law fitting. Inset: Rxx versus T at B⊥ ¼ 0. (d),(e) B⊥-
and Bk-driven hysteresis loops at D ¼ −0.527 V=nm and T ¼ 100 mK marked by the green star in (a). (f) B-driven hysteresis loops at
different temperatures. The solid (dashed) line corresponds to the forward (backward) sweep direction.
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D. Phase separation and percolations
of spin-ordered domains

The first-order transitions and the hysteresis driven by
either displacement, carrier density, or magnetic field are
observed at metal-insulator transition [36] and could be
interpreted within a picture of phase separation [37,38].
The free energy of first-order transitions could have
multiple local minimum points in the order parameter
space, with a stable state at zero and a metastable state
at finite value (Supplemental Material Note 7 [29]). The
instability of the phase diagram is driven by an interplay of
U=W (which can be effectively tuned by D and n) and
magnetic field, which favors the domain nucleation and
growth, against thermal energy as well as the couplings
between domains and the surrounding metallic electron sea,
which melts the domains.
The D-field-dependent first-order phase transitions are

captured qualitatively in the abovementioned model. First,
away from the phase boundary [Fig. 3(a)], it is a metallic
state with R < 3 kΩ and no hysteresis. This agrees with a
reduced U=W away from the halo boundary, where
negligible ferromagnetic insulating domains are sur-
rounded by metallic electron sea, and thus the electrical
conduction is dominated by metallic electrons. Then, as D
approaches the phase boundary [Fig. 3(b)], it becomes a
metastable insulating state with Rxx ∼ 10 kΩ at B ¼ 0 T,
and multiple resistance jumps emerge in hysteresis as B is
changed. This is the case of large U=W, which might result
in multiple domains densely distributed in real space at
B ¼ 0 T, and the magnetic field would boost the growth of
domains [Fig. 3(c)]. At the critical fields, some percolation
paths suddenly disappear, which would contribute to the
resistance jumps. Lastly, when D is tuned inside the
correlated insulating phase [Fig. 3(d)], i.e., Rxx ∼ 75 kΩ,
the hysteresis effect still exists, but the resistance smoothly
changes with magnetic field. The result suggests the

absence of globally preferred spin orientation for different
domains at zero magnetic field. The external magnetic field
provides an anisotropic energy E ¼ 1=2gsμBB by the
Zeeman effect, and it tends to align the spin orientation
from different domains, as shown in the bottom panel of
Fig. 3(e). The presence of domains with different spin
orientation might be due to the inhomogeneity of twisted
angle and unexpected strain despite the most delicate
sample fabrication [39–43]. A slight inhomogeneity in
moiré systems alters the ground state on a microscopic
scale, inducing a phase separation near the phase boundary.

E. Competing orders and abundant
first-order transitions

Next, we discuss the competing orders and the resulted
abundant first-order transitions in the phase diagram
when the valley polarization starts to set in. Figures 4(a)
and 4(b) are Rxxðn; BÞ and Rxyðn; BÞ color mappings at
D ¼ −0.51 V=nm, respectively. Here, Rxx and Rxy are
symmetrically and asymmetrically processed, respectively,
in order to eliminate the crosstalk (see Supplemental
Material Note 1 [29]). There are four different regimes
in the phase diagram, and evident phase boundaries are
reflected in the Hall resistance measurements. Figure 4(c)
shows three representative RxyðBÞ curves at different
fillings, from which Hall carrier density (νH) could be
obtained by linear fitting with low field data. At ν ¼ 1.48
(top panel), the linear fit by the black dashed line yields
νH ¼ 1.43. The observation of νH ∼ ν indicates a fourfold
degenerate Fermi surface adiabatically evolving from
ν ¼ 0, a single-particle picture described by the continuum
model [44,45]. At ν ¼ 2.3, the Hall carrier density follows
νH ∼ ν − 2, agreeing with a twofold degenerate Fermi
surface developing from ν ¼ 2. The phase boundary
between SPCIs and SPM stays unchanged in the
perpendicular magnetic fields, indicating that both states

FIG. 3. Phase separation and percolation near the phase boundary. (a),(b),(d) B⊥-driven hysteresis loops at different D and
T ¼ 100 mK. (c),(e) Schematics of phase separation and percolation. Red regions correspond to spin-polarized insulating domains,
where the black arrow is the orientation of spin polarization. Green regions correspond to normal metal. The red arrow is the direction of
external magnetic field.
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are spin polarized. At ν ¼ 1.8 close to the SPCIs (middle
panel), the Hall response can be divided in two parts, the
ordinary Hall effect νH ∼ ν in low magnetic field (<1.8 T),
and the additional anomalous Hall effect in high magnetic
field (>1.8 T). The observed Hall effect follows Rxy ¼
B=ðneÞ þ RA

xy, where the first term corresponds to the
ordinary Hall effect, and the second term RA

xy ∼M (mag-
netization) represents the anomalous Hall effect [46].
Generally, the intrinsic anomalous Hall effect implies a
large Berry curvature of the energy band. In TDBG, two
valley-polarized sub-bands could carry opposite Chern
numbers that are associated with the valley-contrasting
orbital magnetism [21,44,45,47], and they are separated
from each other with the increase of B⊥ due to the orbital
Zeeman effect. Consequently, a valley-polarized (VP) state
with orbital ferromagnetism and a finite Berry curvature
becomes a ground state.
The competition of spin and valley is also revealed in the

phase boundary between the SPCIs and VP states. At low
fields B⊥ < 1.35 T, the phase boundary between SPCIs
and NM extends to lower doping levels with an increasing

B⊥ due to the dominating spin Zeeman effect. At B⊥ >
1.35 T, VP states emerge, and it gradually takes up most
of the phase space with increasing B⊥. The observation
suggests that VP states have lower energy than other
ground states at high magnetic fields. In addition, while
the phase boundary between NM and VPM keeps extend-
ing nonlinearly to a lower carrier density with increasing B,
that between VPM and SPCIs shifts to a higher density
almost linearly. The different tendency indicates a stronger
competition of spin and valley polarization near ν ¼ 2,
where the spin-polarized states resist the invasion of valley
polarization. In addition, the four different phases contrib-
ute a series of phase transitions. The phase transition
between NM and VPM [Fig. 4(d)] is a ferromagnetic
first-order phase transition contributing abrupt resistance
jumps and hysteresis. Those between VPM and SPCIs
[Fig. 4(e)], as well as NM and SPCIs [Fig. 4(f)], are also a
first-order transition, evident from the hysteresis. Note that
all first-order transitions occur near the halo boundary,
accompanied by isospin competitions. The halo boundary,
also being a phase boundary with diverging DOS, gives

FIG. 4. Competing phase diagram and abundant first-order transitions. (a),(b) Rxx and Rxy maps as a function of v and B⊥ at
D ¼ −0.51 V=nm. In (b), we label different phases as NM, VPM, SPCIs, and SPM. (c) Rxy versus B⊥ at different filling factors. Hall
carrier densities are extracted by linear fitting. Right figures are schematics of DOS in different phases. Top panel: schematic of DOS of
fourfold degenerate bands. Middle panel: schematic of DOS of valley-polarized bands. Bottom panel: schematic of DOS of spin-
polarized bands. (d)–(g) Doping-driven hysteresis loops of symmetrized Rxx between different phases. All linecuts correspond to yellow
dashed lines in (a).
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birth to the large isospin fluctuation that might be respon-
sible for the first-order transition; by contrast, the transition
between SPCIs and SPM is continuous and nonhysteretic
[Fig. 4(g)] due to the same symmetry breaking induced by
the spin polarization.

F. First-order phase transitions at quarter filling

The orbital Zeeman effect in high perpendicular mag-
netic field will induce fully isospin polarization near ν ¼ 1
and ν ¼ 3. As shown in Fig. 5(a), two new symmetry-
breaking Fermi surfaces emanate from quarter filling at
B⊥ ¼ 2 T. Here, the value of ν − νH measures the
deviation of the band filling before and after the symmetry
breaking, and it indicates the degree of isospin polarization
[48]. The state spreading from ν ¼ 2 to ν ¼ 1 along the
halo boundary corresponds to the VPM mentioned above.
The linecut in Fig. 5(b) shows ν − νH ∼ 1 (blue region),
suggesting the VPM is actually the incipience of the isospin
fully polarized state at ν ¼ 1. The series of Landau levels
emanating from ν ¼ 1 in VPM also suggest the emerging

symmetry-breaking Fermi surface (Supplemental Material
Note 10 [29]). The other state takes up the area around
ν ¼ 3 and experiences a correlated gaplike transition at
ν ¼ 3. The linecut also shows ν − νH ∼ 3 [violet region in
Fig. 5(b)]. These states at quarter filling are most likely the
spin- and valley-polarized state (SVP) according to the
theoretical calculations [35,49]. Furthermore, as shown in
Figs. 5(c) and 5(d), the phase transitions between VPM and
SVP (quarter filling) and SPM (half filling) with gate-
voltage-driven hysteresis loops turn out to be the first-order
phase transitions. The perpendicular magnetic-field-driven
hysteresis loops for these two states also suggest the key
role of orbital magnetization at quarter filling [11,22]
[Figs. 5(e) and 5(f)].

III. CONCLUSIONS AND OUTLOOK

In TDBG, we observe correlated first-order phase
transitions between SPCIs and normal metal at zero
magnetic field, driven by carrier density and displacement
field independently. The observations agree well with the
scenario of the Lifshitz transition as well as the rapidly
decreasing energy gaps at the phase boundary from
Hartree-Fock calculations. These observations are impor-
tant in that they unveil the long-standing mystery about
the nature of the halo boundary and SPCIs [3–5,23] by
providing smoking-gun evidence for the spin-polarized
ferromagnetism. We also observe identical first-order
metal-insulator transitions when either in-plane or out-
of-plane magnetic field is applied, further demonstrating
the existence of spin-polarized ferromagnetic domains.
Moreover, we observe abundant competing phases and
accompanied first-order phase transitions between different
ground states where valley degrees of freedom play a more
important role.
Our observations suggest an instability with strong

isospin fluctuations near the halo boundary at high dis-
placement field, where the combined van Hove singularity
and reduced bandwidth leads to the strong Coulomb
interaction effects. While the first-order transitions and
the hysteresis could be captured within a picture of phase
separation and percolations, more delicate theory and
experiments are needed for a better understanding of this
system. For instance, the first-order transitions and the
hysteresis are highly tunable by electrical field and mag-
netic field, resembling multiferroics. The complicated
flatbands in twisted multilayer systems, especially the
reconstructed bands after Lifshitz transitions, might host
both the electron and hole pockets, and the spatial sepa-
ration of the electrons and holes at nonzero D could lead to
a possible formation of electrical dipoles. In some circum-
stances, it might eventually form a state where spin, charge,
and the layer are locked, giving birth to multiferroics in
twisted multilayers. The presence of both continuous phase
transition and first-order phase transition near the halo

FIG. 5. First-order phase transitions and orbital magnetization
at quarter fillings. (a) A color mapping of ν-νH as a function of v
and D at B⊥ ¼ 2 T. Here, SVP corresponds to spin- and valley-
polarized states. (b) A linecut at D ¼ −0.44 V=nm from (a). The
blue region corresponds to symmetry-breaking states near ν ¼ 1,
and the violet region corresponds to symmetry-breaking states
near ν ¼ 3. (c),(d) Typical doping-driven hysteresis loop of Rxx
between VPM and SPM (c) and those between SPM and SVP (d).
The data in (c) and (d) correspond to the violet solid lines in (a).
(e),(f) Magnetic-field-driven hysteresis loops of Rxx at ν ¼ 1.52
and 3.05, respectively.
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boundary also deserve more investigation in TDBG as well
as other twisted multilayers.

ACKNOWLEDGMENTS

We thank Kun Jiang, Zhida Song, Kam Tuen Law,
Fengcheng Wu, Yu Ye, Guoqiang Yu, Erjia Guo, and
Shiliang Li for useful discussions. We acknowledge support
from the National Key Research and Development Program
(Grants No. 2020YFA0309600 and No. 2021YFA1202900),
National Natural Science Foundation of China (Grants
No. 61888102, No. 11834017, and No. 12074413), the
Strategic Priority Research Program of CAS (Grants
No. XDB30000000 and No. XDB33000000), and the
Key-Area Research and Development Program of
Guangdong Province (Grant No. 2020B0101340001). J. S.
acknowledges support from the Synergetic Extreme
Condition User Facility at IOP, CAS. K.W. and T. T.
acknowledge support from the Elemental Strategy
Initiative conducted by the MEXT, Japan (Grant
No. JPMXP0112101001), JSPS KAKENHI (Grants
No. 19H05790, No. 20H00354, and No. 21H05233), and
A3 Foresight by JSPS.

[1] Y. Cao, V. Fatemi, A. Demir, S. Fang, S. L. Tomarken, J. Y.
Luo, J. D. Sanchez-Yamagishi, K. Watanabe, T. Taniguchi,
E. Kaxiras et al., Correlated Insulator Behaviour at Half-
Filling in Magic-Angle Graphene Superlattices, Nature
(London) 556, 80 (2018).

[2] G.W. Burg, J. Zhu, T. Taniguchi, K. Watanabe, A. H.
MacDonald, and E. Tutuc, Correlated Insulating States
in Twisted Double Bilayer Graphene, Phys. Rev. Lett. 123,
197702 (2019).

[3] X. Liu, Z. Hao, E. Khalaf, J. Y. Lee, Y. Ronen, H. Yoo, D.
Haei Najafabadi, K. Watanabe, T. Taniguchi, A. Vishwanath
et al., Tunable Spin-Polarized Correlated States in Twisted
Double Bilayer Graphene, Nature (London) 583, 221 (2020).

[4] Y. Cao, D. Rodan-Legrain, O. Rubies-Bigorda, J. M. Park,
K. Watanabe, T. Taniguchi, and P. Jarillo-Herrero, Tunable
Correlated States and Spin-Polarized Phases in Twisted
Bilayer–Bilayer Graphene, Nature (London) 583, 215
(2020).

[5] C. Shen, Y. Chu, Q. Wu, N. Li, S. Wang, Y. Zhao, J. Tang, J.
Liu, J. Tian, K. Watanabe et al., Correlated States in Twisted
Double Bilayer Graphene, Nat. Phys. 16, 520 (2020).

[6] G. Chen, L. Jiang, S. Wu, B. Lyu, H. Li, B. L. Chittari, K.
Watanabe, T. Taniguchi, Z. Shi, J. Jung et al., Evidence of a
Gate-Tunable Mott Insulator in a Trilayer Graphene Moiré
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