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Studying strong electron correlations has been an essential driving force for

pushing the frontiers of condensed matter physics. In particular, in the vicinity of
correlation-driven quantum phase transitions (QPTs), quantum critical fluctuations
of multiple degrees of freedom facilitate exotic many-body states and quantum critical
behaviours beyond Landau’s framework’. Recently, moiré heterostructures of van der
Waals materials have been demonstrated as highly tunable quantum platforms for
exploring fascinating, strongly correlated quantum physics®> . Here we report the
observation of tunable quantum criticalities in an experimental simulator of the
extended Hubbard model with spin-valley isospins arising in chiral-stacked twisted
doublebilayer graphene (cTDBG). Scaling analysis shows a quantum two-stage
criticality manifesting two distinct quantum critical points as the generalized Wigner
crystal transits to a Fermiliquid by varying the displacement field, suggesting the
emergence of a critical intermediate phase. The quantum two-stage criticality evolves
into a quantum pseudo criticality as a high parallel magnetic field is applied. Insuch a
pseudo criticality, we find that the quantum critical scaling is only valid above a critical

temperature, indicating a weak first-order QPT therein. Our results demonstrate a
highly tunable solid-state simulator with intricate interplay of multiple degrees of
freedom for exploring exotic quantum critical states and behaviours.

Studies of electronic-correlation-driven QPTs have shown many exotic
quantum many-body phenomena. Especially, when multiple degrees
of freedom are involved, competition of different order parameters
and their quantum fluctuations becomes prominent and may lead to
new types of quantum critical phases and behaviours beyond Landau’s
framework. Exploring distinct types of QPTs and their evolution in
solid-state platforms would provide unprecedented opportunities
to give insight into the origins of non-Landau quantum criticalities.
Despite constant attempts, such aplatform remains yet to berealized,
owing to the lack of capability of in situ and simultaneous tuning of
electron correlations and multiple degrees of freedom.

In this work, we demonstrate a new solid-state simulator for the
extended Hubbard model residingin cTDBG. Through electrical trans-
port measurements, we demonstrate a generalized Wigner crystal at
the filling of7§no, in which the electron correlation can be in situ tai-
lored by varying the perpendicular displacement field. Taking advan-
tage of the decoupled valley and spin degrees of freedom, which give
rise to four valley-spin isospin flavours, we—for the first time to our
knowledge—observe quantum pseudo and two-stage criticalities and
realize insitu evolution of those unconventional quantum criticalities
by using a parallel magnetic field.

Transport signatures of the Wigner crystal state

Our moiré graphene sample was fabricated by stacking two pieces of
Bernal-stacked bilayer graphene with opposite chirality; that is, the
top bilayer graphene is AB-stacked, whereas the bottom bilayer gra-
pheneis BA-stacked, as shown schematically in Fig. 1a. This cTDBG has
atwistangle of 0.75° (see Methods), forming moiré patterns consisting
of three distinct regions of stacking order ABBA, ABCB and ABAC, as
indicated by circles of different colours in Fig. 1b,c. Two graphite gates
withapplied voltages V,,and V,, are adopted to independently control
the carrier density nand displacement field D throughn= C,V,, + Gy, Vi,
and D = (C,V,; — Gy Vip)/2, inwhich C, () represents the capacitance
between cTDBG and the top (bottom) gate.

Wefirst perform four-terminal transport measurementsina perpen-
dicular magneticfield (B,) of 200 mT. Figure 1d shows the longitudinal
and Hall resistances R and R, as functions of n measured at displacement
field D=0V nm™and temperature T=1.5K. R shows several distinct
peaks, corresponding to the charge neutrality point gap atn=0 and
the moiré gaps with fourfold spin and valley degeneracy atn = +4n,and
+8n,, with n, being the carrier density corresponding to one electron
per moiré unit cell. When setting B, to zero and continuously changing
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Fig.1|cTDBGwith@ = 0.75° a, Schematic of our cTDBG device. Bottom and
topgate Vy,and V,,areadopted toindependently control carrier density nand
displacement field D. b, Moiré patterns of small-twist-angle cTDBG. Three
regions of different stacking orders are indicated by circles of different
colours. ¢, Top and side views of the different stacked regions markedinb.

D, we obtain the 2D map of R as a function of nand D (Fig. 1e), showing
tunableresistance at the charge neutrality point and moiré gaps, which
is consistent with the displacement-field-dependent band structurein
cTDBG (Fig.1f). Notably, well-defined R peaks develop within the second
moirébandontheelectronside (4n, < n<8n,) atlarge |D| (Fig. 2a). Line
plots of Rat several different D values are shownin Fig. 2b, with marked
Rpeaks gradually appearingatn=7n,and 7§n0. Notably, the 7§n0frac-
tional state means that the moiré unit cell is tripled and the supercell
accommodates one hole in the second moiré band.

Werefer to this fractional state asageneralized isospin Wigner crys-
tal pinned on periodic moiré potential®®> ¥, with detailed experimental
evidences shownbelow. First, we obtain the differential resistance dV/
d/versusd.c. current/, curves at several different D. AsshowninFig. 2c,
anotable peak emerges atzero/y for|D| > 0.33 Vnm™, corresponding
to strong non-linearity inthe /-Vcurve. Inthe quantum Wigner crystal
state, electrons are localized and pinned by the moiré superlattices,
and depinningthose electrons requires afinite external voltage, which
gives rise to a highly non-linear /-V characteristic®®?, Increasing the
bias current or decreasing |D| will drive depinning of the electrons,
making the Wigner crystal finally melt into ametal that exhibits alinear
I-V characteristic. Similarly, when the temperature increases, the
Wigner crystal melts by means of thermal fluctuations and, thus, the
dV/dIpeak gradually fades until it totally disappears (Fig. 2d). Second,
we investigate the thermal activation behaviour of this fractional filling
state, as presented in Fig. 2e. We set D at —0.46 V nm™, which is within
theinsulating regime, and observe that the temperature dependel}(ce

of Rin alow parallel magnetic field (B)) follows R(T) = exp (%) ,
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d, Longitudinal resistance (R) and Hall resistance (R,;) as functions of n
measuredatD=0Vnm™, B =200 mTand T=1.5K.e,2D map of Rasafunction
ofnandD.f, Calculated band structures for different displacement fields D.
The Chernnumbers are labelled for the first and second conduction bands.

with x= % This value is consistent with the variable-range hopping
model of the Efros—Shklovskii type, indicating that the electrons are
localized to forma Wigner crystal through strong Coulomb repulsive
interaction®. As Bjincreases to12 T, the parameter xbecomes greater
than1/2 andfinally reaches avalue of around 0.7 (inset of Fig. 2e), which
we attribute to the suppressed hopping of neighbouring localized
electrons astheir spins are polarized. Third, the resistanceatn = 7§n0
markedly increases when applying B, (Fig. 2f) and is finally enlarged
by approximately 20 times at B, =12 T (see Extended Data Fig.1). This
large increase in magnetoresistance again indicates that the effective
inter-site hoppingis hindered by a parallel magnetic field. Meanwhile,
the magnetoresistance under a perpendicular magnetic field has a
similartrend when B, <7 T(Fig.2g), whichisadirect result of the weak
spin-orbit coupling. Note that the giant positive magnetoresistance
drops sharply at B, >7 T (see details in Extended Data Fig. 2b), which
is attributed to the dominance of the quantum Hall effect over the
Wigner crystal state®.

Theinterpretation of the Wigner crystal at the filling 0f73n0 inour
cTDBG sample can be further supported by the small bandwidth and
zero Chernnumber of the second moiré band according to theoretical
calculations (see detailsin Methods). Thereby, we demonstrate prom-
inent inter-site long-range Coulomb interactions in the triangular
moiré lattice?®”, showing that our cTDBG is anideal platform to simu-
late the extended Hubbard model. In particular, the spin-valley isospin
degrees of freedom existing in this platform would prompt exotic
quantum many-body physics inaccessible in the simple SU(2) spin
systems.
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Fig.2|Evidences for Wigner crystal state. a, High-resolution 2D plot of
R.Correlated insulating features emerge in the second moiréband. b, Line
plots extracted from the dashed linesin afor selected displacement fields.
The dashed arrowsindicate peaksatn=7n,and 7§n0. c,d, Differential
resistance versus d.c. bias current at various displacement fields and

Quantum two-stage criticality at zero magneticfield

The D-dependentelectron correlationsinthe cTDBG enable the tuning
of electron correlationand serve as aknob for investigating correlation-
driven quantum criticality in the isospin extended Hubbard model.
Figure 3a shows the temperature dependence of the resistance up to
20 K ataseries of displacement fields, exhibiting three distinct regimes.
Atlarge|D|, asthe temperaturerises, the sheet resistance showsinsulat-
ingbehaviour until reachinga critical temperature at which the gener-
alized Wigner crystal obtains enough thermal energy to melt into the
metallic phase withlinear Tdependence. At small |D|, the T-dependent
resistance also shows linear behaviour at high temperatures but con-
verts to R < T*when the temperature is lower than T, (see Methods for
the determination of 7). We note that, at low temperatures below the
Fermi energy E;, the resistivity in the 2D Fermi liquid phase has a tem-
perature dependence R —(kBT/EF)ZIn%T (ref.®). Given that the loga-
rithmic temperature-dependence term is hardly visible within a small
temperature range such as that adopted in our measurements, the
observed R = T? behaviour is a strong evidence for the normal Fermi
liquid phase, in which the dominant scattering mechanismin the system

T2 (K—1/2)

T 1T T
0.60 0.70

n/n,

temperatures, respectively. e, Resistance inlogscale versus T'% atselected B.
Inset, resistance inlog scale asafunction of T %7 atlarge B,.f,g,2D map of Ras
afunction ofthefilling factor and parallel (perpendicular) magnetic field
measuredatD=-0.46Vnm™.

isfromelectron-electron Coulombinteractions, rather than electron-
phononinteractions. Moreover, at aseries of intermediate |D|, the linear
Tdependence of theresistance persists down to the base temperature.
Toaccess the full phase diagram, we plot the 2D maps of Rand dR/dT
as functions of displacement field D and temperature 7, as shown in
Fig.3b,c.Afan-shaped regime, inwhichtheresistance changeslinearly
with T, appears between the Wigner crystal phase and Fermiliquid phase,
withthe phase boundariesindicated by orange and red markers, respec-
tively (see Methods for the algorithmto determine the boundaries). We
refer to this 7-linear regime as a strange metal phase, as it arises in the
quantum critical regime®>*. Another smoking-gun signature of the
strange metal is that the numerical pre-factor C of the transport ‘scat-
tering rate’ I (I'= CkBT/’Q) should approach the Planckian dissipation
limit®3, thatis, C= /:; € “ca=1.Here his the Planck constant, ks the
Boltzmann constant, e is the unit charge, n. is the carrier density, m*is
the effective mass and a is defined to fit R=aT + R,. In our T-linear
regime, n is the carrier density of the Wigner crystal with respect to the
second moiré gap, that is, n.= 31y =0.116 102 cm 2, m* =~ 0.2m,
(seeMethods) and aris approximately 92 Q K™, yielding C= 0.0126a = 1.16,
whichindeed approaches the Planckian dissipation limit.

Nature | Vol 609 | 15 September 2022 | 481



Article

a b
57 ) 15-] R (k) dR/dT (@ K)
DV nm™) 5 100
- 0350 - -0.325
--0.345 - -0.320 12 4 80
-0.340 - -0.315
< 9 3 60
=
6 P 40
3 1 20
0 0 0
036 033 030 027 -0.36 -0.33 -0.30 -0.27
D (v nm™) D (V nm™)
d } e 1.10- ;
45- . 1D~ D (V nrar) D~ D, (v nrnr)
" = 0.1170 = 0.0546 1.05- = 0.0390 0.0195
4.0 e = 0.1092 =0.0468 : n = 0.0351 = 0.0156
%, =0.1014 =0.0390 . 0.0312 = 0.0117
. - 0.0936 =0.0312 i 0.0273 = 0.0078
35 > 0.0858 = 0.0234 1.00 ..— 0.0234 = 0.0039
30 * 00780 =0.0156 o
o 40 0.0702 =0.0078 ° 0957
o~ ~
& 254 0.0624 z
= L 0.90
2.0 2 "
--0.271 --0.196 A “'. 0.85 - 5
- -0.246 --0.171 1.5 o
- -0.221 - P - | .00t ‘007 “ 0.1
0— 104 “B-ojvimy 'q'""-_ 0.80 ID-D,| (v nm)
I I I [ T T T T T TTTIT T T T T T T T T T T T T TTTITImg
2 468 2 468 02 0.4 0608
5 10T " 15 20 0.01 0.1 1
) T, T,

Fig.3| Quantum two-stage criticality. a, Line plots of the resistance for a
series of D (R-Ttraces are offset for better clarification).b,c,2D maps of Rand
dR/dTasfunctions of Dand 7. Orange and red markers represent the phase
boundaries, with error bars defined in Methods. D.and D, are the two quantum

We perform quantum critical scaling analysis to gain further insight
into the quantum critical behaviours. By normalizing the D-dependent
R (T) curves in the generalized Wigner crystal regime with the
temperature-dependent resistance R (T) at critical displacement field
D.=-0.325V nm™,we observe that the normalized R/R. curves at differ-
ent D collapse onto a single branch, as shown in Fig. 3d. Moreover, the
scaling parameter T, vanishes as the critical field is approached, follow-
ingapower-lawbehaviour of T, - |D - D |, with zv = 0.50 + 0.02 (inset of
Fig.3d). This power-law relation indicates that the QPT from the Wigner
crystaltothe strange metalis continuous. Notably, we observe a different
quantum critical scaling behaviour in the normal metal regime by choos-
ing critical field D,=-0.297 V nm™, indicating another continuous QPT
between the strange metal phase and the normal metal phase, as shown
inFig.3e. The critical exponentis fitted tobe 0.15 + 0.01 (inset of Fig. 3e)
and is much smaller than that extracted from the scaling analysis at D.,
indicating that these two QPTs belong to different universality classes.
Moreover, we show that valid scaling analysis cannot be performed at any
displacement field between—-0.297 V nm*and -0.325 V nm™ (Extended
Data Fig. 3). This means that the critical points of these two QPTs are
separated by a window of D, which suggests the existence of a critical
intermediate phase between the Wigner crystal and the Fermi liquid.
We term this phenomenon of two quantum critical points with a critical
intermediate phase as a quantum two-stage criticality.

Quantum pseudo criticality at high parallel magnetic
field

The decoupled spin and valley degrees of freedom in our
isospin extended Hubbard simulator enables the capability to polarize
the spins without affecting the valley degree of freedom by applying
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critical points. d,e, Scaling analysis for the quantum two-stage criticality in the
Wigner crystal regime and the normal metal regime, respectively, with
temperature scaling parameter T, chosentoyield collapse of the R-T curves.
Insets, Ty versus |D - D and |D - D,|, which follow power-law behaviours.

aparallel magnetic field B, thus giving a unique opportunity to shed
light on the interplays between the internal degrees of freedom and
spatial charge orders. Wefirstset B=1.5Tand 3 T and extract the D-T
phase diagrams, as shownin Extended DataFig. 4. Combining with the
resultatzero B (Fig. 3c), we observe that, when B increases, the criti-
caldisplacementfield D.increases, showing an enlarged regime of the
generalized Wigner crystal. By contrast, the fan-shaped strange metal
regime shrinks and the D window between the two critical points, that
is, D.and D,, gradually vanishes as B increases.

Wefurtherincrease B to12 Tand measurethetemperature-dependent
resistance at a series of displacement fields, as shown in Fig. 4a. We
then plot the map of dR/dT as afunction of Dand Tin Fig. 4b, showing
that the quantum critical regime of the strange metal phase only exists
above acritical temperature T = 5.6 K, as indicated by the yellow star.
We note that this temperature is equivalent to the spin Zeeman energy
inamagneticfield of about 8.3 T, which is comparable with the B, (127T)
in our measurements, indicating that the spins are frozen below T*.
Notably, at temperatures below T*, we identify a range of Dinwhich R
isalmostindependent of T, as shown in the dashed box in Fig. 4a.

Theunconventional phase diagraminFig.4b prompts ustoinvestigate
the quantum criticality therein by performing the scaling analysis.
However, we find that no quantum critical point can be identified fora
reasonable R-T curve collapse if we carry out the scaling for the full
temperature range, that is, from 1.5 K to 30 K. Notably, for R-T curves
in the insulating regime above T*, they all collapse onto a single
branch after performing scaling analysis with the critical point
D.*=-0.273V nm™, as shown in Fig. 4c. Similarly, successful and failed
collapse of scaled R-T curves with the critical point D,* = -0.283 Vnm™
areobserved in the normal metal regime for temperatures above T only
andfor the fulltemperature range, respectively (Extended Data Fig. 5).
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Fig.4|Quantum pseudo criticality ina12-T parallel magneticfield. a, Line
plots of R-T curves at different D (the curves are offset for better clarification).
The dashed boxindicates the almost-flat R-T curves.b,2D map of dR/dTasa
functionof Dand T for B=12T.c, Successful (lower inset) and failed (upper

These observations indicate the emergence of a quantum pseudo
criticality’**”. By contrast to D, < D, at zero B, we observe D.* > D, * at
B,=12 T, indicating an overlapped regime instead of a critical interme-
diate phase. We also note that the critical scaling exponent vz = 0.5in
the Wigner crystal regime is the same as that at B = 0, whereas the
extracted vz in the normal metal regime increases from 0.15at B;=0
to0.34atB=12T.

Discussion

Although the strange metal behaviour near quantum criticality previ-
ously observed in graphene moiré systems has been attributed to the
quantum fluctuations of the valley®, in our work, the strange metal phase
shrinks as the spins are polarized by the parallel magnetic field, indicat-
ing that the quantum fluctuations of spins play the dominant role.
Besides, theintermediate ground state is spin unpolarized because the
increased By gradually narrows and eventually closes the Dwindow that
accommodates the intermediate ground state. To get insight into the
dominant physics of this intermediate ground state, we carry out the
mean-field-theory analysis and identify charge density wave with valence
bond state (VBS) as a candidate (see details in Section VI of the Supple-
mentary Materials). At finite 7, the fluctuations of the VBS may couple
to the charge degrees of freedom and lead to the breakdown of
well-defined coherent quasiparticles, resulting in the 7-linear resistivity
inour observations. Note that the spatialand quantum fluctuations are
notinvolved in our mean-field calculations. Other numerical methods
beyond mean-field theory are required to provide comprehensive under-
standing of the intermediate phase and its B,dependencein the future.

Our observation of quantum pseudo criticality at high parallel
magnetic field indicates that the transition between spin-polarized
generalized Wigner crystal and Fermi liquid is a weak first-order QPT.
The almost T-independent R and failure of scaling analysis below T
suggest the existence of asmall energy scale A* = k; T*, which equals the
spin Zeeman energy in our case, and—equivalently—a large but finite
correlation length & (refs. ***’). For temperatures T> T, the thermal
energy will ‘melt’ the frozen spins in high parallel magnetic field, and
the system still behaves as if critical. Notably, the weak first-order QPT

inset) collapse of R-T curves by performing the scaling analysis in the Wigner
crystalregime for temperatures above 7* only and for the full temperature
range, indicating the emergence of aquantum pseudo criticality. d, Schematic
of phase diagram and quantum phase transitions in the plane of D - B,

hasbeenintensively discussed in the context of deconfined quantum
critical point®®**, in which Néel-VBS transition for SU(2) spinsis argued
to be a weak first-order QPT instead of a continuous one. Moreover, a
recent theory has suggested aclose connection of deconfined quantum
critical point and the metal-insulator transition between generalized
Wigner crystals and Fermiliquid in the SU(2) spin system*°. Our findings
help build up asolid-state platform simulating an evolution from QPT
with critical intermediate phase in the high-symmetric SU(4) systemto
aweak first-order QPTin the low-symmetric SU(2) system (Fig.4d), and
would offer a new perspective to understand the strongly correlated
physicsin the electron systems with realistic SU(2) spins.
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Methods

Device fabrication

We fabricated the twisted double bilayer graphene by a modified
polymer-based cut-pick technique. We mechanically exfoliated
bilayer graphene, graphite and hexagonal boron nitride (h-BN) onto a
highly doped Siwafer covered by a300-nm-thick SiO, layer, with the
thickness of these flakes identified with optical contrast and a Bruker
MultiMode 8 atomic force microscope. The bilayer graphene was cut
into two halves by using the atomic force microscope tip in contact
mode. We then used stamps consisting of poly(bisphenol A carbonate)
film and polydimethylsiloxane to pick up top graphite and h-BN at
around 80 °C. After that, we picked up one half of the bilayer graphene
and then the other half with arotation of180°+0.8° at room tempera-
ture. Thisaimed rotation angleis slightly larger than the twisted angle
of our measured device, which is attributed to the inevitable angle
relaxation in the fabrication process. Finally, we picked up bottom
h-BN at 80 °C and the five-layer heterostructures were transferred
onto bottom graphite at around 135 °C. The heterostructures were
thenshapedinto Hall bar geometry by using standard electron-beam
lithography and dry etching in an inductively coupled plasma sys-
tem. The edge contact electrodes (10 nm Cr/10 nm Pd/30 nm Au) to
cTDBGandtopelectrodes (5 nm Ti/40 nm Au) to the top and bottom
graphite gates were deposited by standard electron-beam evapora-
tion. The temperature was always kept below 150 °C during stacking
and fabrication processes.

Electrical measurements

The devices were measured in an Oxford cryostat with a base tem-
perature of about 1.5 K. The resistance signals were collected using a
low-frequency (17.7 Hz) SR830 Lock-in Amplifier (Stanford Research).
Gate voltages were applied with Keithley 2400 Source Meters. The dif-
ferential resistance signals were collected by applying an a.c. excitation
current of 1 nA added on top of a variable d.c. bias current up to 1 pA.
We apply d.c. currents and record amplified voltages by adopting a
data acquisition system (National Instruments 6251).

Continuum model of twisted double bilayer graphene
We consider AB-BA-stacked twisted double bilayer graphene: an AB-
stacked bilayer grapheneis placed on top of another BA-stacked bilayer
graphene and they are twisted with respect to each other by an angle
6, forming a moiré superlattice. The moiré lattice constant
L,=a/2sin(6/2), in which a = 0.246 nm, is the atomic lattice constant
of monolayer graphene. We further consider atomic corrugation in
the system, that s, the interlayer distance d(r) between the two twisted
layers at the interface (betweenthe AB and BA bilayers) varies asafunc-
tionofin-plane positionrinthe moiré supercell, which can be approx-
imately modelled asd (r) = d,(r) +2d, Y, , cosg; - r,inwhichg,, g,and
g,=g, +g,arethethreereciprocallattice vectors of the moiré supercell.
Wetaked,=0.3433 nmand d, = 0.00278 nmto reproduce theinterlayer
distances of the AA-stacked and AB-stacked bilayer graphene at the
ABBA point and the ABAC point in the moiré supercell, respectively.
Thelow-energy electronic structure of cTDBG can be well described
by the Bistritzer-MacDonald continuum model*, in which the
low-energy states from the two atomic valleys K and K’ are assumed
to be completely decoupled from each other. To be specific, the con-
tinuum model for the K valley of the cTDBG system is expressed as

H, U
Ut HE,

HAp-pa = ( @

inwhich H%; and H, are the Hamiltonians of the untwisted bilayers:

e [—huF(k ~Ky) -0 h, ]

AB™ h_ ~hup(k-Kyp) -0 @

and

(3)

BA ~

K = —hve(k-K,) -0 h_
h, —hvg(k-K5) -0

inwhichK; (K,) denotes the Dirac point of the AB-stacked (BA-stacked)
bilayer. The Pauli matrices o= (-g,, g,) are defined in the space of the
A, Bsublatticesof graphene. h, denotes the interlayer hopping matrix
between the untwisted bilayer,

h~ {rzf(k) tf (k)] @
t,-3t; t,f(k)

inwhicht, =0.48 eV, t,=0.21eVand ¢, = 0.05 eV are the nearest-neigh-
bour, second-neighbour and third-neighbour interlayer hopping
amplitudes, respectively, and h_= h!l.

We consider only the nearest-neighbour interlayer coupling between
the twotwisted bilayers, thatis, the coupling between thetop layer of the
ABbilayer and the bottom layer of the BA bilayer, whichis expressed as

U= 0 0 )
- U(r)e*iAK-r 0

inwhich AK =K, - K, = (0, 41t/3L,) is the shift between the two Dirac
points of the two sets of twisted bilayers*. Uis the interlayer hopping
term between the two Dirac states of the twisted layers®,

Jo[ wE®
upg (r—rap)

”f)g(r_fAB)J (6)

uyg(r)

in which ry, = (J3L,/3, 0), g(r) =Y._ €%, with q, = (0, 41/3L,),
q,=(-2m/3L,~2m/3L;) and q, = 2m/\3L,~2m/3L,) (ref.**).In
cTDBG, the corrugation effects resultinug < ug, inwhich u, = 0.078 eV
andug = 0.097 eVare theintra-sublattice and inter-sublattice interlayer
coupling terms, respectively*’. We note that all the parameters of the
continuum model, as given in equations (1)-(6), are derived from a
realistic Slater-Koster tight-binding model introduced in ref. *.
We have also compared the results calculated from the continuum
model with those calculated using the atomic Slater-Koster
tight-binding model and find excellent agreement with each other.

Thedisplacement field Dis introduced by applyingahomogeneous
vertical electrostatic potential drop across the four layers

hy(K) - Uy/2 h, 0] 0
p h. ho(k) - Uy/6 U(r)e™®r 0
Hyp-8a = 7
0 Ut (r ekt ho (K) +Uy/6 h_
0 0 h, ho(K) + Uy/2

inwhich Uy =eD-d /e is the electrostatic potential energy difference
between the top and bottom layers, D is the displacement field,
d.=1.005 nmisthethickness of the entire systemand e = 4 isthe dielec-
tricconstant of the BN substrate. We note that several different values
for the dielectric constant of h-BN has been widely used, which canlead
to markedly different conclusions inthe theoretical calculations. In our
experiment, the adoption of € = 3.8 gives us a consistent result, so we
choose the value of 4 for our theoretical calculations.

We note that the Coulomb potentials from the fully occupied bands
below the target flat band may strongly enhance the bandwidth of the
flat band and renormalize the flat-band wavefunction. This question
has recently attracted alot of attention. For example, Vafek and Kang
recently performed comprehensive renormalization group studies
on magic-angle twisted bilayer graphene*® and found that both the
kinetic energy and the Coulomb interaction energy increase as the
Fermi level approaches the charge neutrality point. In the end, when
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the flat bands are partially occupied, the ratio between the interac-
tion energy projected to the (renormalized) flat-band subspace and
the renormalized bandwidthis roughly unchanged, and the system is
still in the strong-coupling regime. A similar argument could also be
applied to the twisted double bilayer graphene system.

To calculate the numerical prefactor C of the transport ‘scattering
rate’, we have used the m. at the valence band edge (in which the effec-
tive mass can be well defined) and the carrier density corresponding
tothe 8n,filling. Because the 7+2/3filling in our deviceisin very close
proximity to the 8n, filling, it is therefore reasonable that the C value
calculated for the 8n, filling applies to that at the 7+2/3 filling.

Criterion for the Wigner crystal state
Hereweintroduce adimensionless quantity r, = V/W, theratio between
the Coulombinteraction energy (V) and kineticenergy (W) of the elec-
trons, as the key criteria for the formation of Wigner crystal state*. The
average distance between the electrons inthe moiré bandsis denoted
asr,, which satisfies r2=1/n,, in which n, = v/Q s the carrier density,
with Qthe area of the moiré primitive celland vthefilling factor. Then
the characteristic Coulomb interaction energy is V = e*/4me,er., inwhich
eisthe elementary electronic charge, € = 4 is the dimensionless back-
ground dielectric constantand ¢, is the vacuum permittivity. The char-
acteristic kinetic energy of the system can be effectively described by
the free electronkinetic energyW = h2k§/2m§, inwhich m¢is the effec-
tive mass of the carrier at the Fermilevel and k; is the Fermi wave vector.
Notably, m} is calculated to be about 0.2m,, based on the formula
L_ hl—z V2 E(k).Thecarrier density is related to the Fermiwave vector:

o
B dp "Fp-dp_k?
O e T ®

in which the factor of 4 is from the fourfold valley-spin degeneracy.
Then we obtain:

_2mer.
€ mgy ag

9

S

inwhich a, = 41e h?/mye?is the Bohr radius and m, is the bare electron
mass. According to previous studies***, electrons crystallize for r, > 31
inthe one-valley two-dimensional electron gas (2DEG) system and for
r,>30 for the two-valley 2DEG system*,

We note that the smallbandwidth of the second conduction flat band
(around 6-8 meV) givesrise tor,of about 35 (see Extended DataFig. 6a),
which exceeds the value for Wigner crystallization in 2DEGs*. The zero
Chernnumberindicates atrivial band topology different from the topo-
logical charge density wave and fractional Cherninsulator residinginthe
firstmoiré band of other moiré graphene systems*° 2, Notably, the Chern
number is non-zerointwisted double bilayer graphene of the stacking of
AB-AB at the samefillings and Dfield, indicating that the stacking order
playsacrucial rolein forming the Wigner crystal. In addition, the Wigner
crystal state only emerges at a large displacement field, at which there
is only one Fermi surface with large r, centred at the I'; point for each
valley (see Extended DataFig. 6b). By contrast, as |D|is reduced to zero,
other Fermi surfaces with much smaller r, emerge (see Extended Data
Fig. 6¢,d), making the system still behave as a Fermi liquid.

Scaling analysis

The procedure of scaling analysis is detailed described next. (1) We
first measure the resistance R at different temperatures T and dis-
placement fields D, obtaining several R-T curves at different D, with
typical results shown in Fig. 3a. (2) We choose a trial critical field D*
near the phase boundaries at the base temperature in the measure-
ments, which has R-T curve denoted by R*(T), and normalize the R-T
curves at different D in the Wigner crystal regime by R*(T). We then
try to make the normalized R/R'(T) curves at different D collapse onto

asingle branch after scaling the temperatures by D-dependent T,
If this fails, then find a nearby point to repeat this process and find a
point that has the optimal collapse of R-T curves. The critical D, for
the Wigner crystal regime is determined to be -0.325V nm™in our
device in zero magnetic field. A similar method has been used for
other scaling analyses in this work.

Determinationof T,

Now we explainin detail the algorithm for how we determine the phase
boundary T, between the strange metal and normal metal phases.
Inthe normalmetalregion (T < T,),theR-TrelationfollowsR(T) =AT*+R,,
whereas in the strange metal region (7> T), Ris proportional to T. It
follows that the temperature boundary T, between strange metal and
normal metal can be determined by fitting the functional relationship
of the resistance R and temperature T. We first attempt to fit R to the
formR(T) =AT?+ R, from the base temperature to a trial maximum tem-
perature (T,,,) and extract the r,’ representing the correlation coeffi-
cient of such parabola fitting. Meanwhile, we fit R to the form
R(T) =AT + R for T> T, toextractanother r? representing the correla-
tion coefficient of this linear fitting. Then we try several different T,
for the fitting to search for the temperature simultaneously having high
r,2and r{ values, which is then determined as T,. Extended Data Fig. 7
shows a typical example of fitting at n= 7§n0 and D=-0.21Vnm™.
Wefind that the resistance s fit well (= 0.98) by a T?form up to atem-
perature of 14.7 K and is also fit well (= 0.996) by a T-linear form
between 14.7 and 30 K. Here we can also determine the error of the fit-
ting. If there exist a few trial temperatures that all give good fitting
results, then we can define this range of Tas the error of fitting. If there
isonly one trial temperature that can give good fitting, then we define
the error by the step length of the temperature in our measurements.
Such error analysis gave the error barsin Figs. 3cand 4b.

Data availability

The datathatsupport the plotsin this paper and other findings of this
study are available from the corresponding authors on reasonable
request.
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Extended DataFig.1|Parallel magneticfield dependence of resistance at different D. Resistance as a function of parallel magnetic field at selected
displacement fields. The saturation of resistance at high parallel magnetic field suggests that the spins of the localized electrons are totally polarized.
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D,=-0.305V nm™as the critical displacement field for the normal metal

regime.
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