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We report an observation of quantum oscillations (QOs) in the correlated insulators with valley aniso-
tropy of twisted double bilayer graphene (TDBG). The anomalous QOs are best captured in the magneto
resistivity oscillations of the insulators at v = —2, with a period of 1/B and an oscillation amplitude as high
as 150 kQ. The QOs can survive up to ~10 K, and above 12 K, the insulating behaviors are dominant. The
QOs of the insulator are strongly D dependent: the carrier density extracted from the 1/B periodicity
decreases almost linearly with D from —0.7 to —1.1 V/nm, suggesting a reduced Fermi surface; the effec-
tive mass from Lifshitz-Kosevich analysis depends nonlinearly on D, reaching a minimal value of 0.1 m, at
D = ~ —1.0 V/nm. Similar observations of QOs are also found at v = 2, as well as in other devices without
graphite gate. We interpret the D sensitive QOs of the correlated insulators in the picture of band inver-
sion. By reconstructing an inverted band model with the measured effective mass and Fermi surface, the
density of state at the gap, calculated from thermal broadened Landau levels, agrees qualitatively with
the observed QOs in the insulators. While more theoretical understandings are needed in the future to
fully account for the anomalous QOs in this moiré system, our study suggests that TDBG is an excellent

platform to discover exotic phases where correlation and topology are at play.
© 2023 Science China Press. Published by Elsevier B.V. and Science China Press. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Keywords:

Quantum oscillations

Correlated insulators

Band inversion

Moiré superlattice

Twisted double bilayer grapheme

1. Introduction

Quantum oscillations (QOs) of conductance are widely observed
in mesoscopic devices [1,2]. For metals in a magnetic field (B), QOs
are usually revealed in the Shubnikov-de Haas oscillations (SdHOs)
of conductance with a period of 1/B due to the Landau quantization
of the Fermi surface; for insulators, however, SAHOs are in princi-
ple not expected, due to the absence of Fermi surface. Surprisingly,
QOs have been observed in Kondo insulators [3-5] (SmBg and
YbB;,), InAs/GaSb quantum wells [6,7], and more recently in the
insulating state of WTe, [8]. To explain the anomalous QOs, various
mechanisms are proposed, including the conventional picture with
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band inversion, in which the finite density of state (DOS) in the gap
oscillates with B due to the broadening of quantized Fermi surfaces
away from gaps [9-14], unconventional Landau quantization of
neutral Fermions [15-17], and trivial external capacitive mecha-
nism due to the DOS in the gate electrode [18]. However, the strong
debates impede the reaching of consensus. Noted that, despite the
material differences, these insulators share one common feature,
i.e., the insulating gaps are small and resulted from band
hybridizations.

Twisted double bilayer graphene (TDBG), a highly tunable
moiré flat band system that hosts correlated insulators [19-26],
offers another opportunity to unveil the puzzling anomalous
QOs. The bands in TDBG [27,28] include flat moiré conduction
bands and more dispersive moiré valence band and remote bands,
allowing versatile band hybridizations. Besides, perpendicular
electrical displacement field (D) could in-situ change the on-site
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energy between layers and in turn modify nonlinearly the moiré
bandwidths as well as the gaps separating different bands
[27,29], enabling the facile tuning of Coulomb interactions. More-
over, there is a rich interplay of spin, valley, and Coulomb interac-
tion that results in isospin competition with different polarized
ground states of the correlated insulators at half fillings [30-32].
As demonstrated in TDBG [24], it could have a phase transition
from metal or spin polarized correlated insulator to valley polar-
ized correlated insulator by increasing D. Thus, TDBG provides a
versatile playground for tuning electron correlation and band
hybridizations. However, the QOs in the correlated insulators of
TDBG as well as other twisted multilayer moiré systems [33-37]
have been not explored.

Here, we report an observation of QOs in the correlated insula-
tors of TDBG. We focus on the correlated insulator at v = —2 in the
TDBG device with a graphite gate, and demonstrate the QOs in the
insulator from the observation of the resistivity oscillations as a
function of 1/B. Then, we reveal that the insulating QOs are
strongly D-field dependent, distinctly different from D insensitive
SdHOs of the Bloch electrons in the magnetic field. We also demon-
strate the universality of the insulating QOs at v = 2 as well as in
other devices without graphite gate. Lastly, we interpret the D sen-
sitive QOs of the correlated insulators in the picture of band inver-
sion, and we could reproduce a finite DOS in the gap that oscillates
with 1/B from the calculation of thermal broadened Landau levels
(LLs).

2. Materials and methods

The TDBG samples are prepared by using the “cut and stack”
method [38], and the details of device information are presented
in our previous work [24]. These devices have a dual gate configu-
ration (devices D1, D2 and D3 (D4) with a graphite (Si) bottom gate
and gold top gate), which allows independent tuning of the carrier
density n and D. Here, n = (CagcVpg + CrgVrg)/e and D = (CggVag —
CrcVrc)/2¢€0, where Cgg (Crg) is the geometrical capacitance per
area for bottom (top) gate, e is the electron charge, and & is the
vacuum permittivity. The filling factor is defined as v = 4n/ns, cor-
responding to the number of carriers per moiré unit cell. Here, ns is
the carrier density to fully fill a moiré band and defined as ns = 4/A

~ 80/(v/3 a®), where A is the area of a moiré unit cell, 0 is twisted
angle, and a is the lattice constant of graphene. In the following,
we focus on the magneto transport of the correlated insulators at
v = -2 in device D1 with twisted angle of 1.38°. All measurements
are done at T = 1.8 K, unless stated otherwise.

3. Results and discussions
3.1. The QOs of the correlated insulators at v = -2

Fig. 1a-c shows a color mapping of longitudinal resistance
R«x(v, D) at B =0, 3 and 9 T, respectively. The correlated insulator
at v = -2 develops at finite magnetic field due to orbital Zeeman
effect [24]. It shows a periodic oscillating behavior with D at
B = 3 T in Fig. 1b. This pattern is similar to the LL crossings in
layer-polarized systems [39,40], where D tunes the band alignment
and further leads to conductance oscillations. Unlike the decoupled
cases [39,40] for metals near the band edge, however, the oscilla-
tions in Fig. 1b occurs in an insulator when moiré valence bands
are half filled. Considering the valley degree of freedom in TDBG,
there might be a complicated band structure with multiple Fermi
surfaces at v = —2. At B = 9 T in Fig. 1c, the periodic oscillating
behavior disappears and only the insulating state remains. To cap-
ture the evolution of band structure in magnetic field, we present a
Landau fan diagram at D* = —0.94 V/nm (Fig. 1d). LLs are observed
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fanning out from v = —2 with z; = +1, 2, £3, #4, £5, +6, indicating
the presence of both electron-like and hole-like Fermi surfaces and
a fully lifted degeneracy of spin and valley in the moiré valence
band at such a high D. The interruption of the LLs at some finite
B indicates a change of LL degeneracy, which might be due to LLs
crossing from a complicated hybridized band structure. While
these observations are in line with the previous report [24], how-
ever, the alternating color changes between red and white at
= —2 in Fig. 1d suggest resistance oscillations as a function of B.
The unexpected QOs are better presented in the plot of R(B) in
Fig. 1e, with a nontrivial oscillation amplitude as high as 150 kQ at
around 6 T. The resistance oscillates periodically with 1/B, as
shown in Fig. 1f. By tracing the position of oscillation peaks and
valleys, we obtain a frequency of Bf ~ 13.3 T. Here, the frequency
can be related to a carrier density via Bf = n®dg/s with s the degen-
eracy. These oscillations are very sensitive to the temperature, and
they are barely visible at T = 13 K as shown in Fig. 2a. A full tem-
perature dependence of the oscillations at v = —2 is depicted in
Fig. 2b, where the negative and the positive sign of dR/dT indicate
insulator (blue) and metal (red), respectively. The metal insulator
transition induced by orbital Zeeman effect occurs at B ~ 1.2 T
(Fig. 2c) and then the QOs emerge in the insulating regime. Details
of the insulating behavior for the QOs at v = —2 are revealed in the
resistivity plots at different temperature in Figs. ST and S2 (online).
In addition, evidence of the bulk insulating behavior at v = -2 is
also revealed in the antiphase oscillations [7] of conductance gyx
and resistivity pxx (Fig. 2d) and g4y ~ 0 in correlated insulating
regions (Fig. S3 online); for comparison, the conventional SAHOs
from metallic states at v = —0.32 shows in phase oscillations
(Fig. S4 online). Furthermore, the two terminal resistance transport
measurements with edge grounded also suggests the QOs are orig-
inated from the insulating bulk states rather than edge states
(Fig. S5 online). Thus, the observation of resistance oscillations at
v = —2 is indeed a manifestation of QOs in insulator, distinct from
SdHOs in metals.

3.2. The D dependence of insulating QOs

The resistive QOs of the insulator at v = —2 are observed over a
wide range of |D| > 0.6 V/nm, as shown in the color mapping of
Ryx(D, B) at T = 100 mK (Fig. 3a). In particular, these QOs emerge
as a series of fans at |D| from 0.7 to 1.1 V/nm, which is reminiscent
of the Landau fan diagram with varied carrier density. By perform-
ing the fast Fourier transform (FFT) of Fig. 3a, the periodicity of
these QOs, By, scales linearly to the change of D, indicated by the
orange dashed line in Fig. 3b. Lastly, the QOs are vanishing at
around |D| ~ 1.17 V/nm and then reentrant up on further
increasing the |D| > 1.2 V/nm; however, the oscillating pattern at
ID| > 1.2 V/nm is seemly antisymmetric compared to those at
|D| < 1.2 V/nm, suggesting a pi phase change.

The observed D-field dependent resistive QOs at v = —2 are not
due to the Brown-Zak oscillations [41] (BZOs, a feature of the Hof-
stadter butterfly). The BZOs are observed at a lower displacement
field (|D| < 0.6 V/nm) in Fig. 3a with low resistance. Distinct from
the QOs at v = —2 that strongly depends on D, the metallic BZOs
frequency of Bf = ~ 46 T is independent on D (right panel in
Fig. 3b), corresponding to the commensuration of @/®y = 1 for
moiré superlattices with a twisted angle of 1.38°. Such BZOs are
also observed in the remote valance band (v < — 4) at a high
ID| of 0.94 V/nm (Fig. S6 online), where the distinction between
the resistive QOs at v = —2 and the metallic BZOs are demonstrated
in their frequency difference. In addition, the insulating QOs at

= —2 are also not related to the crossing of LLs from v = 0 and that
from v = —4. Since the latter means that the oscillation period could
be traced back to a specific carrier density, i.e., a fixed frequency B,
regardless of D. However, the observed By at v = —2 is almost
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Fig. 1. (Color online) Quantum oscillations of v = —2 insulators. (a-c) R« as a function of vand D at B, = 0, 3 and 9 T, respectively. The yellow line in (b) is a line cut along
v = —2. (d) Landau fan diagram at D = —0.94 V/nm and T = 1.8 K. (e) Line cuts at v = —2 shown in (d). (f) Rx versus 1/B at v = —2. Inset, oscillation index versus 1/B. Blue
triangles correspond to the position of oscillation peak and valley. The orange line corresponds to the linear fitting.

linearly dependent with D, which cannot be explained in the
picture of LLs crossings from the CNP and the full filling.

Note that the QOs of the insulator at v = —2 have also been
observed in other three devices, D2 of 0 = 1.21° (Fig. S7 online)
and D3 of # = 1.51° (Fig. S8 online) with a metal top gate and a gra-
phite back gate, and D4 with 0 = 1.26° (Fig. S9 online) with a metal
top gate and a heavy doped Si back gate. Similar to D1, the resistive
QOs and the D tunable low oscillation frequency (Bf < 25 T) are dif-
ferent from the BZOs. The observations in both graphite and non-
graphite gate devices indicate that the resistive QOs cannot be
induced by capacitive mechanism [18] of graphite DOS at high
magnetic fields. Besides, we observe the similar QOs of the insula-
tor at v =2 in Fig. S10 (online). These observations indicate that the
QOs at half fillings are universal for correlated insulators with val-
ley anisotropy where a general model might apply.

3.3. Calculated DOS in an inverted band model

In the following, we interpret the insulating QO at v = —2 in the
picture of band inversion [9-14]. The center idea is to consider the
thermal broadening of the LLs from inverted bands, and it will pre-
dict a finite DOS in the gap that oscillates with 1/B, with the B
defined by the enclosed area of inverted bands without hybridiza-
tion. Here, the assumption of band inversion at the correlated insu-
lator is motivated from the single-particle band structure
calculation in Fig. S11a (online) and Hartree-Fock calculation of
the ground states in TDBG [24]. In the continuum model, the finite
D breaks C, symmetry, which leads to the inequivalence of k and k’
points in moiré Brillouin zone. The two bands from K and K’ valley
constitute an inverted band at these two points due to the time

reversal symmetry. Furthermore, this inverted band could evolve
from overlapped bands to gapped bands with the hybridization
between two valley subbands (partially valley polarized with
intervalley coherence). The potential energy difference between
two valley subbands K and K’ is the sum of the orbital Zeeman
effect and Coulomb interaction, described by the formula
AE = 2gugB + E., where g, ug, and E. are effective g factor, Bohr
magneton, and Coulomb interaction energy, respectively. Since
the QOs onset at a low magnetic field of ~1.5 T, and the corre-
sponding Zeeman splitting energy should be much smaller than
the bandwidth of the two subbands. We further assume that the
overlap of the two subbands are determined by E.. This assumption
is supported by the fact that the observed B¢ from QOs at v = -2 is
independent of B. Note that the overlap is linearly dependent on D
in Fig. 3b. The observation indicates that E. scales linearly with D,
in agreement with the D dependent bandwidth of the moiré
valance in Fig. S11b (online).

By doing quantitively analysis, we obtain effective mass m* and
oscillating carrier density n from QOs of the insulator. As shown in
Fig. 3¢, similar to the SAHOs in metals, the temperature depen-
dence of QOs in the insulator are found following the Lifshitz-
Kosevich formula: AR = Ryx(T) — Ryx (T = 13 K) ~ kT/sinh(kT), where
k = 2n?kgm*|(heB). Here, kg, m*, h, and e are Boltzmann constant,
effective mass, reduced Planck constant, and electron charge,
respectively. The obtained m* from QOs of the insulator varies from
0.1 to 0.15 m. (me is electron mass) in the oscillation region,
decreasing with the increase of |D| at first and then rising rapidly
after reaching the minimum value close to D = —1 V/nm, as shown
in Fig. 3d. In the same way, we obtain m* in Fig. S12 (online) for
both the SdHOs and the insulating QOs at D = —0.94 V/nm. In
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Fig. 2. (Color online) Temperature-dependent quantum oscillations. (a) Landau fan diagram at D = —0.94 V/nm and T = 13 K. (b) First order derivative of Ry,(T) as a function of
B, and T at v = —2. (c) Linecuts of Ry(B) at different temperature. (d) pxx and oxx as a function of B, at v = —2.

addition, the extracted oscillating carrier density n is shown as an
orange line in Fig. 3d, via B = Ado[(21)? = ndy/s, where A is the
enclosed area of inverted bands without hybridization [11] and
s = 2 is the spin degeneracy of valley subbands.
Then, we calculate the LLs spectra of the inverted bands at
= —2, by considering the thermal broadening and the experimen-
tal values of gap size 4, m*, and oscillating carrier density n. Fig. 4a
shows a reconstructed band structure of the moiré valence band at
D = —0.94 V/nm, with mg = 0.15 m. and my = mg/0.8, 4 ~ 1.6 meV,
n~ 6.5 x 10'" [cm?. The resulted LLs spectrum with inverted bands
at T = 2 K are shown in top panel of Fig. 4b. The finite low energy
DOS in the gap oscillate with 1/B, which agrees with our experi-
mental data in bottom panel of Fig. 4b. Moreover, the model estab-
lishes a close relationship between the size of the enclosed Fermi
surface and D, as the latter governs the size of band overlap du (de-
tails in the Supplementary materials Note 5). The resulted calcula-
tions in Fig. 4c indeed predict a change of QOs periodicity as a
function of |D|, in good agreement with our observation in
Fig. 3a. Last but not least, we further carry out numerical calcula-
tions to show the LL spectra away from v = —2, as shown in the
comparison between experimental data of longitudinal conductiv-
ity and the calculated DOS in Fig. S13 (online). The inverted band
model predicts LL intersections away from v = —2, which qualita-
tively matches pretty well with experimental crossing points, indi-
cated by the red circles. The agreement between experimental data
and the theoretical model further supports our interpretation.

3.4. Discussions

While the model can well explain the data at |D| from 0.7
to 1.1 V/nm, it fails to account for the observations at

ID] > ~ 1.2 V/nm. This discrepancy lies in the over-simplified
inverted band model and might suggest a more complicated band
structure when Coulomb interaction plays an important role. Also
noted, the real systems might acquire phases as D changes, as
shown in Fig. S14 (online); however, phase changes are not
included in the inverted band model. Besides, the QOs of insulators
are supposed to disappear at ultra-low temperature due to the
negligible thermal activation, while we observed robust QOs even
at T=100 mK (Fig. 3a and Fig. S15 online). The saturated oscillation
amplitude in zero temperature limit is probably ascribed to the
lifetime broadening of LLs [13] or formation of excitonic insulating
behavior [14].

Lastly, we briefly discuss the other possible interpretation of the
neutral Fermi surfaces [15-17]. The correlated insulator with val-
ley anisotropy at half fillings in TDBG, together with trigonal moiré
superlattice and spin unpolarized, is a possible system with frus-
trated magnetic interactions for hosting quantum spin liquid states
[42,43]. In this exotic picture, the total resistance is the sum of
bosonic charge insulator (non-oscillating) and fermionic spinon
(oscillating). To testify the neutral Fermion picture, however, con-
ventional charge transport in our work and others falls short, and
experimental techniques that could distinguish the charge trans-
port and spin transport are highly demanded.

4. Conclusion and outlook

To sum up, we have observed anomalous oscillating behaviors
in the correlated insulator at v = —2 in the TDBG, with a period
of 1/B and an oscillation amplitude as high as 150 kQ. Such insulat-
ing QOs are strongly tunable with respect to the D-field, distinctly
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different from D insensitive SAHOs of the Bloch electrons in the
magnetic field. We have also demonstrated the universality of
the insulating QOs at v = 2 as well as in other devices with different
twist angles and gate configurations. The observations are cap-
tured in the picture of band inversion, which reproduces a finite
DOS in the gap that oscillates with 1/B from the calculation of ther-
mal broadened LLs. Being an electric field tunable system, TDBG is
an excellent platform to study the oscillations in an insulator. The
evolution of valley subbands from band inversion to complete sep-
aration suggests abundant correlation-driven behaviors and
emerging topological phases in field-tunable TDBG systems. While
most of the QOs in the correlated insulators are captured in the
phenomenological model of the inverted bands with hybridiza-

tions, more theoretical and experimental investigations are needed
in the future to better understand the insulating QOs in TDBG and
other moiré systems as well.
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