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We report on a double moiré system consisting of four graphene layers, where the top and bottom
pairs form small-twist-angle bilayer graphene, and the middle interface has a large rotational mis-
match. This system shows clear signatures of two sets of spatially separated flat bands associated
with the top and bottom twisted bilayer graphene (TBG) subsystems, each independently tunable.
Thermodynamic analysis reveals weak correlations between bilayers that allow the chemical poten-
tial to be measured as a function of carrier density for each constituent TBG. We find that correlated
insulating states at integer number of electrons per moiré unit cell are most robust near magic angle,

whereas gapped states at neutrality are more robust at larger twist angles.

Materials with extremely flat energy bands have at-
tracted great scientific interests due to quenched electron
kinetic energy that leads to strong electron correlations.
The theoretical discovery and experimental realization
of flat bands in magic-angle twisted bilayer graphene
(MATBG) [IH3] have opened up paths to engineered flat-
band materials. Subsequent studies have revealed the
intricacy of electronic correlations in TBG flat bands
with various correlated phases, including ferromagnetism
[4, 5], Chern insulators [6l [7], strange metal states [8 9],
etc., all of which reside in MATBG's rich phase diagram.
The ongoing debate on the interplay between correlated
insulating and superconducting phases in MATBG may
help uncover the origin of unconventional superconduc-
tivity [I0HI3]. Besides TBG, tunable flat bands in multi-
layer graphene moiré systems have been explored, includ-
ing alternating twisted multilayer graphene [I4HI9] and
twisted m + n layer graphene [20H24]. Here, we report
the experimental realization of a double moiré system in
which two independent TBG moiré bands are placed in
proximity. By stacking two TBGs with a relatively large
rotational mismatch we weaken hybridization between
constituent TBGs, leading to approximate particle num-
ber conservation in each TBG. Our approach illustrates a
method to experimentally realize quantum confined flat
bands in a multilayer homostructure using exclusively
twist control. Remarkably, the constituent TBGs display
correlated insulators at integer number of electrons per
moiré unit cell near magic angle, which shows that intra-
moiré interactions remain strong despite the proximity of
the other TBG. By utilizing the unique combination of
compressible and incompressible states in the two TBGs

we extract the chemical potential as a function of carrier
density in the constituent TBGs. Furthermore, we find
that gaps at neutrality in individual TBGs are stronger
away from the magic angle regime, pointing to a qualita-
tive difference between many-electron physics away from
vs. at magic angle.

The moiré system in this study consists of four
graphene monolayers, with two controlled twist angles
(0.91°-1.57°) — the twist angle between the top two layers
(61), and between the bottom two layers (fg). The twist
angle between the middle layers is not controlled and
intentionally kept large (> 5°) [Fig. [I(a), (b)]. The dou-
ble moiré samples are dual-gated [Fig. [Ifa) inset] with
hexagonal boron nitride (hBN) as gate dielectric, and
the channels are etched into a Hall bar [Fig. [I[c)]. Data
from four samples, labeled S1-S4 are discussed in the
manuscript. The large twist angle between the middle
graphene layers suppresses electron tunneling by shifting
their K-valleys in the momentum space. Thus, tunneling
contributes at high order in perturbation theory and acts
as a contribution to disorder.

Figure[I|(d) shows the longitudinal resistance (Ryx) as
a function of top (Vrg) and bottom (Vpg) gate biases
measured in a double moiré sample with 6t = 1.07°
and 6 = 1.38° (sample S1). The most prominent re-
sistance peaks are located at the corners of the contour
plot, marked by the black dots in Fig. (e). At the
midpoint of each two adjacent peaks, additional local re-
sistance maxima are marked by yellow squares in Fig.
e). We associate these resistance peaks with the in-
teger filling states per valley and spin of the top and
bottom TBG moiré bands. For example, the upper left
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FIG. 1. (a) Brillouin zones of the top (blue) and bottom (red)
TBG in the double moiré system. Inset shows the biasing
scheme for the dual-gated sample. (b) Schematic of the double
moiré lattice formed by four graphene monolayers. The top
two graphene monolayers are shifted vertically for clarity. (c)
Optical micrograph of a double moiré sample. The scale bar
is 5um. (d) Rxx vs. Vrg and Veg measured in sample S1
at T'=95mK. (e) Schematic of the resistance peaks pattern
seen in (d). The black dots mark the four most prominent
peaks associated with the moiré band fillings depicted in the
band diagrams of the top (blue) and bottom (red) TBGs.
Black dashed line represents the Fermi level. Yellow squares
mark the peaks when one of the TBG is charge neutral. Blue
(red) lines mark the constant density loci for top (bottom)
TBG when tracing incompressible states.

peak [upper left black dot in Fig. (e)] corresponds to
the insulating state where the top TBG flat bands are
empty and the bottom TBG fully filled. Similarly, the
bottom peak around Vg = 1V [bottom yellow square
in Fig. [Ie)] corresponds to the state where the top
TBG flat bands are charge neutral and the bottom TBG
empty. Noticeably, in Fig. d), there are local resistance
maxima connecting the resistance peaks with moderate
resistance values higher than the background [blue and
red lines in Fig. [I[e)], which can be associated with the
integer filling of either top (blue) or bottom (red) TBG
moiré bands. Additional local resistance maxima extend-
ing along the y-axis direction around Vpg = 3V are a
signature of correlated insulating state in the flat bands
of the top TBG. The data in Fig. (d) provide evidence
for two spatially separated, independently tunable flat
bands. They demonstrate that electronic confinement in
multilayer graphene stacks can be compactly realized by
changing the twist angles, in contrast to traditional band
engineering that employ dissimilar materials.

We treat the double moiré as a system consisting of
two layers with separately conserved particle numbers
that are mutually correlated. The relation between the

gate biases and the chemical potentials is then [25],

VeaCpa = eng + #2(Cpa + Cr) — 2501
VraCOrg = ent + £ (Crg + CrL) — 220 . (1)

Here, e is the elementary charge, Crg and Cpg are the
areal capacitances of the top and bottom gates, respec-
tively. The two TBG subsystems are assumed to be elec-
trostatically coupled by an areal capacitance Ct;,. The
carrier densities in the top and bottom TBG subsystems
are nt and ng, respectively, and ux = de(nr,ng)/Onx
(X =T, B) is the chemical potential in layer X. This ex-
pression fully accounts for intralayer and interlayer cor-
relation contributions to the energy per area e(nr,ng).
According to Eq. (1)), if pr and nt (up and ng) are
kept constant, the change in the Vpg (V) reflects the
change in pp (pr). Similar double layer systems have
been previously utilized to probe the chemical potential
of two-dimensional electron systems, albeit with a inter-
layer barrier and external interlayer bias [29H32].

(a)
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FIG. 2. (a) u vs. n of a system displaying finite compress-
ibility for g < p™ (blue shaded region), and an incompress-
ible state for u" < p < pV (pink shaded region) with a gap
Eg = uY — . (b) Schematic of the incompressible states of
the top (orange) and bottom (green) TBG subsystems seen
in the R«x vs. Vrc and Ve plot. The black dashed rectan-
gle marks a diamond-shaped region where both TBGs are in
incompressible states. (c) Expanded view of the dashed black
rectangle in panel (b). The diamond dimensions are deter-
mined by the incompressible state gaps. (d) Rxx vs. Vrg and
Vea data in Fig. 1(e) showing the constant ut and pgp lines
at the edge of incompressible states.

The TBG subsystems in the double moiré system have
both compressible and incompressible states. A charge
gap (incompressibility) in layer X results in a cusp in
the dependence of € on nx and a corresponding jump
discontinuity in px [Fig. [fa)]. Figure 2b) illustrates
the (Vra, VBa) gate voltage ranges over which the sub-



system is incompressible in the top (orange) and bot-
tom (green) TBG; the incompressible states are labelled
by the moiré band filling factors at which the chemi-
cal potential jumps occur. We define the filling factors
VT B = nT,B/nSTysB, where NsT sB = (8/3)(9'1‘73/0,)2, with
a = 2.46 A the graphene lattice constant, are respectively
the carrier densities required to fill one moiré Brillouin
zone of the top or bottom TBG, including its four-fold
spin and valley degeneracy. Quarter-multiple filling fac-
tors correspond to integer numbers of particles per moiré
unit cell. Note that a state that is incompressible in
one or both TBGs corresponds to a segment, or diamond
respectively in the (Vrg, Vag) plane. The black dashed
rectangle in Fig. b) marks a diamond where the ground
state is incompressible in both layers [Fig. c)] Along
its boundaries, the chemical potential in one layer is fixed
at one edge of its chemical potential jump interval in its
incompressible state [Fig. [J(a)]. Using Eq. the di-
amond dimensions along the Vg and Vg axes can be
readily related to the incompressible state gaps. For ex-
ample, when pp varies between the incompressible state
interval at constant p:

€

AVpg = — 2B L (2)

e Cra

AVg =22 (14 g},

Here, E,p is the size of the bottom TBG gap, AVgg
and AVpg are the gate bias changes needed to move
the Fermi level across the gap. Corresponding equa-
tions can be written for the top TBG gap by keeping
up constant. Since the slopes of the diamond edges are
determined only by the capacitance values, the inter-
layer capacitance Ci, can be determined [25]. We extract
Cr, = 1.6 uF /cm?, a value corresponding to two parallel
plates separated by 0.55 nm vacuum, comparable to dis-
tance between the mid-planes of the TBG subsystems.

When correlations between TBG subsystems are neg-
ligible, the chemical potential in each TBG depends only
on its own density and the analysis simplifies. For ex-
ample at constant pr (and hence nt) Eq. implies
that

A,uB = —BAVTG ¢

TG
Cm

Ang =1 [AVBGCBG + AVrgCra (1 + CC?S)} - (3)

According to Eq. (3)), on a constant ur trace, each point
in the (Vrg, V) plane can be converted into a ug and a
corresponding np value, rendering the up vs. np relation.
We exploit the property that the pr values at the edges of
gaps are easily identified experimentally by sharp changes
in resistance. Because there are several incompressible
states as the filling factor varies, multiple constant pr
loci are traceable in a Ry vs. (Vrg,Vsg) map. We
observe identical ug vs. ng (ut vs. nr) dependence at
all integer v (vp) values, justifying the weak-correlation

assumption which allows us to use one layer to probe the
other at least when one layer is incompressible.
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FIG. 3. (a) g vs. n in a 0.99° TBG, measured in a double
moiré sample with O = 1.57° and g = 0.99° (sample S4).
The shaded areas mark the incompressible states with vg =
+1. Inset shows Rxx vs. Vrg and Veg around vt = 0. The
peak depicts the constant pr loci at vp = 0. (b) g vs. n
for TBGs with varying 6, extracted from four samples. The
superscripts label the constituent top (T) and bottom (B)
TBGs. (¢) Eg, vs. 6. (d) App and Apy vs. 6. Scattered
symbols are data from literature. Data from Ref. 34 in (d)
are measured in 12T parallel magnetic field.

By analyzing the Ry vs. (Vrg, Vsg) data [Fig. 2(d)]
in a double moiré sample, the relations p vs. n for both
constituent TBGs can be determined [25]. In Fig. [3(a),
the chemical potential of a constituent TBG close to the
magic angle is plotted as a function of carrier density and
moiré band filling factor (top axis). We observe jumps
near half fillings v = £1/2 which we associate with bro-
ken flavor symmetry states induced by strong electron
interactions [31], B3} 34]. The jumps occur concomitantly
with the correlated insulators in constituent TBG flat
bands. The shaded areas mark the gap sizes calculated
with Eq. in the incompressible states with filling fac-
tors v = £1. The carrier densities at these full-filling
states are converted into the twist angle. Figures (b)—
(d) summarize p vs. v with the twist angle ranging from
0.91° to 1.57° measured in four double moiré samples (la-
beled S1-S4), as well as the gap sizes at the integer fill-
ings Eg, and the change of the chemical potential over
the filling factor ranges from —1 < v < 0 (App) and
0 <v <1 (Ap,). InFig. §(c) and (d), we compare our
results with previously reported chemical potential mea-



surements [31), 33H36], most of which studied near magic
angle.

Our study provides u vs. n data in the TBG flat bands
over a wide # range, but is in good agreement with pre-
vious studies near magic angle [31 B3H36]. As we see
in Fig. 3(b), the chemical potential dependence on fill-
ing factor is consistently weaker for TBGs with 6 larger
than the magic angle, suggesting flatter moiré bands, on
the hole-side compared to the electron-side. Surprisingly,
we see in Fig. c) that the gap sizes at v = 0 show
a minimum near the magic angle, and increase with 6
away from the magic angle. Gaps at neutrality are not
observed in most MATBG experiments [31 B3H35], B7],
except in rare cases where the sample has minimal strain
[38]. Conversely, gaps at quarter multiples of moiré Bril-
louin zone fillings are only observed near the magic an-
gle, and are associated with flavor polarization in ultra-
flat bands. The qualitative difference between the twist
angle dependencies of the gaps at neutrality vs. those
at quarter-multiple filling factors suggests that the for-
mer originate from a different type of broken symmetry,
perhaps similar to the flavor-dependent layer polariza-
tion states [39-H42] that are thought to produce gaps in
suspended Bernal bilayer graphene between valence and
conduction bands for each flavor [43]. The Ap, (App)
data which measure the bandwidth of the conduction (va-
lence) flat bands, show large electron-hole asymmetry in
the band flatness, especially for large twist angles. Fur-
thermore, on the valence side of the flat band, the change
in the chemical potential has a weaker dependence on the
twist angle compared to the conduction side.

We compare our exprimental data with the predictions
of a self-consistent Hartree approximation that are sum-
marized by the dashed lines in Fig. [3|(c) and (d). The use
of this approximation is justified by the fact that corre-
lations are expected to be weak when the flat bands are
empty and when they are full [44]. To qualitatively match
the observed variations in insulating gaps across differ-
ent twist angles, we set & = 0.3 for § = 0.91°, « = 0.6
for & = 0.99° to 1.57° and o = 1 for § = 1.7°, where «
is the ratio between same and different sublattice inter-
layer tunneling and is introduced as a phenomenological
parameter [25]. The dependence of a on the twist angle
can be qualitatively attributed to the corrugation effect,
which becomes more pronounced at smaller twist angles,
leading to a smaller « for smaller twist angles. Addition-
ally, we included a non-local interlayer tunneling term
[44] 45] to qualitatively capture the electron-hole asym-
metry in the band structure. The non-local interlayer
tunneling strength is defined as wny, = t'by/Awe, where
t' = dtj,/dk at the graphene Dirac point, ¢ is the Fourier
transform of the two-center approximation of the inter-
layer hopping amplitude ¢(r), by is the moiré recipro-
cal lattice vector length, and A,. is the moiré unit cell
area. For simplicity, we used a constant wni, = —20 meV
in Fig. Bfc) and (d), but note that the rigorous value

of wyy, should be twist angle dependent and experimen-
tally determined. The calculations of E; +1 and App,
agree well with experimental measurements. Specifically,
Eg4 41 increases with twist angle before an abrupt drop
near  ~ 1.57°, and a noticeable dip near the magic an-
gle. These features of £, 11 are directly influenced by the
varying o values at these twist angles. Ay, ,, show mini-
mal dependence on twist angle for § < 1.38° followed by
a visible increase as bandwidths increase for 6 > 1.38°.
The value we have chosen for the constant wyy, results
in a smaller electron-hole asymmetry in the calculation.
From the definition of wyy, above, wyy, should be larger
for larger twist angles (assuming weak dependence of ¢
on twist angle in the small range explored in our ex-
periment). We expect, therefore, larger electron-hole
asymmetry at larger twist angles that is not captured by
our constant-wyi, approximation. The larger Ey +; and
Apyp n in our experimental data compared to the Hartree
approximation results are due to contributions from ex-
change interactions and correlations.

Vi (V)

FIG. 4. (a) Rxx vs. Vrg and Vae measured in sample S4 with
Or = 1.57° and g = 0.99° at T' = 95mK. (b) Expanded view
of the data in the green dashed rectangle in panel (a). The
vp values corresponding to the resistance peaks are included,
highlighting correlated insulators at vg = :I:% and % (c)
Temperature dependence of Rxx vs. Vg measured along the
red dashed line in (b). The top axis shows vg.

Figure[d|a) shows a contour plot of Ry as a function of
Vg and Vg in a sample with 1 = 1.57° and g = 0.99°
measured at 7' = 95mK. The most prominent resistance
peaks around Vg = £8V signal that the top TBG is
incompressible with vp = £1. Figure [4(b) focuses on
the resistance peaks with vt = —1. Multiple insulating
states associated with integer fillings vg = 0,1 and cor-



related insulators at quarter-multiple fillings vg = :t%, %
are observed. In Fig. c) the insulating behavior of
the correlated insulators is confirmed by temperature-
dependence measurements. Similar correlated insulators
with the same v values are present with vp = 1 as
well. We observe signatures of correlated insulators in all
the constituent TBGs close to the magic angle down to
0.91°[25]. This observation suggests that the proximity
of one TBG does not suppress the correlated insulating
states in the other TBG, even though screening suggests
the possibility [12].

We note that superconductivity is not observed in
our double moiré samples down to the base tempera-
ture of our dilution refrigerator (95 mK), even though
they show clear correlated insulators. This observation
is interesting in light of theoretical interest in the rela-
tionship between superconducting and flavor orders in
MATBG. Since superconducting phases are usually ac-
companied by correlated phases with spin or valley or-
der at nearby filling factors similar to high-temperature
superconductors [46], the two phases are sometimes as-
sumed to arise from a common mechanism. However,
experimental studies have also shown that superconduc-
tivity can be present when the correlated insulators are
suppressed [9, 11, 12]. Furthermore, in MATBG, the
superconducting phase is experimentally observed to be
more robust on the valence bands[2, 4, [10]. As our mea-
surements show that the valence bands are flatter than
the conduction counterpart, these findings suggest that a
flatter band is favorable for superconductivity, either di-
rectly through a higher density of states or indirectly by
suppressing other competing states that inhibit supercon-
ductivity. Meanwhile, the substrate has also been shown
to impact the critical temperature of the superconducting
phase in both TBG and twisted double bilayer graphene
[13, 47]. In the double moiré system studied here, each
TBG is bound by hBN on one side, and the opposite
TBG on the other, distinctly different from the case of
hBN encapsulated MATBG. This difference in environ-
ment may suppress superconductivity in our samples.

We demonstrated a double moiré system with spatially
separated, independently tunable flat moiré bands. The
unique combination of compressible and incompressible
states in constituent TBGs that are weakly correlated en-
ables the extraction of the chemical potential vs. carrier
density relationship in each TBG subsystem. We find
that correlation induced gaps at neutrality and at non-
zero filling factors have an entirely distinct dependence
on twist angle, and that the moiré bands are marked
by strong electron-hole asymmetry in which the valence
bands are flatter than the conduction bands.
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