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When two layers of graphene are stacked with a twist angle of approximately 1.1°, strong interlayer coupling gives
rise to a pair of flat bands in twisted bilayer graphene (TBG), resulting in pronounced electron—electron interactions. At half
filling of the flat bands, TBG exhibits correlated insulating states. Here, we investigate the electrical transport properties
of heterostructures composed of TBG and the antiferromagnetic insulator chromium oxychloride (CrOCl), and propose a
strategy to modulate the correlated insulating states in TBG. During the transition from a conventional phase to a strong
interfacial coupling phase, kink-like features are observed in the charge neutrality point (CNP), correlated insulating state,
and band insulating state. Under a perpendicular magnetic field, the system exhibits broadened quantum Hall plateaus
in the strong interfacial coupling regime. Electrons localized in the CrOCI layer screen the bottom gate, rendering the
carrier density in TBG less sensitive to variations in the bottom gate voltage. These phenomena are well captured by a
charge-transfer model between TBG and CrOCI. Our results provide insights into the control of electronic correlations and
topological states in graphene moiré systems via interfacial charge coupling.

Keywords: twisted bilayer graphene, correlated insulating state, CrOClI, interfacial coupling, charge transfer
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1. Introduction

When two graphene layers are twisted relative to each
other at a magic angle close to 1.1°, strong interlayer inter-
actions induce ultra-flat bands in the low-energy region.!!]
The emergence of these flat bands in momentum space sig-
nificantly suppresses the electron kinetic energy, allowing
As a

result, a variety of strongly correlated quantum phenom-
[2-4]

electron—electron Coulomb interactions to dominate.

ena emerge, including unconventional superconductivity,
Mott insulating states, ) ferromagnetism, ! and the quan-
tum anomalous Hall effect.[!01 At half filling of the flat bands,
electrons become localized within the superlattice formed by
the moiré pattern, giving rise to correlated insulating states.
These electronic properties can be tuned in situ by varying
(6,131 or apply-
ing strain,'*! making twisted bilayer graphene (TBG) an ideal

the twist angle,[!1?! applying electric fields,

platform for exploring strongly correlated quantum states. Be-
yond homobilayer TBG, similar gate-tunable correlated states
and wavefunction localization transitions have also been ob-
served in more complex twisted multilayer graphene systems,
such as twisted monolayer—bilayer graphene!!”! and alternat-

TCorresponding author. E-mail: Faxian@fudan.edu.cn

CSTR: 32038.14.CPB.ae2116
ing twisted multilayer heterostructures. ']

Chromium oxychloride (CrOCl) is a two-dimensional
intralayer antiferromagnetic insulator.!'’~11" First-principles
calculations predict an indirect band gap of 2.80 eV for
CrOCLPY Van der Waals heterostructures composed of
CrOCl and other materials exhibit strong interfacial cou-
pling and pronounced hole-doping effects. For example,
monolayer graphene/CrOC] heterostructures display a tran-
sition from fan-like to cascade-like Landau levels.[*!l Ra-
man spectroscopy measurements revealed blue shifts in both
the G and 2D peaks, accompanied by a reduction in the
intensity ratio of the 2D peak to the G peak, confirming
hole doping in graphene.?”! Bernal bilayer graphene/CrOCI
heterostructures exhibit an unconventional correlated insu-
lating state with resistance exceeding 1 GQ.!*3! CrOCI im-
poses a superlattice Coulomb potential on graphene, gen-
erating topologically non-trivial subbands, while interlayer
Coulomb coupling stabilizes the CrOCI interface band.[¥
Moreover, a magnetically tunable charge transfer mechanism
has been revealed through high-precision capacitance mea-
surements, where maximum hysteresis occurs during the mag-
netic phase transition of CrOCl from an antiferromagnetic
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(251 Coupling between antiferro-

to a ferrimagnetic-like state.
magnetic insulators and graphene has been theoretically pre-
dicted to host high-temperature quantum anomalous Hall ef-
fect, as the antiferromagnetic insulator can provide both bro-
ken time-reversal symmetry and spin—orbit coupling.*! To
date, however, interfacial coupling between CrOCl and twisted
graphene systems has not yet been reported. The modulation
of CrOCl-induced Coulomb coupling on the strongly corre-
lated insulating states in moiré superlattice systems therefore
remains unexplored.

Owing to the weakly dispersive flat bands in TBG,
TBG/CrOCl heterostructures represent a promising platform
for investigating strongly correlated electron transport. In
this work, we study the electrical transport properties of
TBG/CrOCl van der Waals heterostructures. By employing
a dual-gate structure, we effectively tune the interfacial cou-
pling strength, enabling controlled switching between a con-
ventional phase and a strong interfacial coupling phase. Pro-
nounced changes in the position and strength of insulating
states are observed across different coupling regimes. Un-
der a perpendicular magnetic field, the system exhibits broad-
ened quantum Hall plateaus in the strong interfacial coupling
regime. Furthermore, we construct a charge transfer model to
elucidate the underlying mechanism of strong interfacial cou-
pling responsible for these observations. Our results provide
a viable route for controlling correlated and topological quan-
tum states in graphene moiré systems via interfacial charge
coupling.

2. Experiment

The TBG/CrOCI heterostructures were fabricated using a
dry transfer technique. A schematic illustration of the device
structure is shown in Fig. 1(a). The TBG was fabricated by
rotating the sample stage by 1.3°, accounting for a system-
atic discrepancy of 0.1°-0.2° between the nominal and mea-
sured twist angles in our setup. The TBG was encapsulated
between hexagonal boron nitride (h-BN) and CrOCI (thick-
ness ~ 40-50 nm), and subsequently transferred onto a sili-
con dioxide/silicon (Si0,/Si) substrate. Multi-terminal device
structures were then defined using standard nanofabrication
techniques. A Hall-bar-like geometry was patterned by reac-
tive ion etching (RIE) for 3.5 min at a pressure of 60 mTorr, a
radio-frequency (RF) power of 60 W, and a CHF3/0, gas flow
of 40/6 sccm. Subsequently, 5 nm/65 nm thick titanium/gold
(Ti/Au) layers were deposited by magnetron sputtering to form
the contact electrodes and top gate. The h-BN/TBG/CrOCI
device adopts a dual-gate configuration, allowing indepen-
dent control of carrier density and displacement field.!?7-?8]
The top and bottom gate dielectrics are h-BN and SiO; (with
CrOCl), respectively. An optical micrograph of the fabricated

h-BN/TBG/CrOCl device is shown in Fig. 1(b). All electrical
measurements were performed in a Dynacool system with a
base temperature of 1.8 K.
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Fig. 1. (a) Schematic illustration of the h-BN/TBG/CrOCI device struc-
ture. (b) Optical micrograph of the fabricated device.

3. Results and discussion

3.1. Electrical transport properties of h-BN/TBG/CrOCl
device under zero magnetic field conditions

We focus on the dual-gate phase diagram of the de-
vice at 0 T, shown in Fig. 2(a). The longitudinal resistance
R, exhibits three bending peaks as the bottom gate voltage
increases. According to the kink positions, we divide the
dual-gate diagram into the conventional phase (left section)
and the strong coupling phase (right section). In the con-
ventional phase, the device exhibits typical TBG transport
characteristics.®! The three insulating regions — the charge
neutrality point (CNP), the half-filling insulating state, and the
superlattice insulating state — are almost unaffected by the
displacement field D generated by the dual gates. Below the
CNP region, hole conduction dominates, while above it elec-
tron conduction prevails. In this regime, there is almost no
interlayer interaction between TBG and CrOCI, and CrOCl
merely acts as a dielectric layer.

As the bottom gate voltage increases, the device transi-
tions from the conventional phase to the strong coupling phase.
The curved trajectories of the resistance peaks indicate that the
relationship between gate voltage and charge carrier density in
TBG is no longer linear or monotonic. Charge transfer occurs
between TBG and CrOCI due to the interfacial coupling effect
of CrOCI1.?*! A significant number of electrons are transferred
from TBG to the CrOCI surface, where they become local-
ized by electron—electron interactions. In the right section of
Fig. 2(a) (Vpg > 0 V), the Vi, corresponding to the CNP should
be negative according to the trend observed in the conventional
phase; however, the measured value becomes positive, indi-
cating effective hole doping of the TBG. To clearly compare
the evolution of resistance peaks between the conventional and
strong coupling phases, we plot Ry, as a function of Vi, at fixed
bottom gate voltages of —50 V (Fig. 2(b)) and 25 V (Fig. 2(c)).
The resistance at the CNP increases from 22 k€Q to 217 kQ, ac-
companied by a pronounced broadening of the corresponding
gate voltage range. The resistance at the correlated insula-
tor increases from 13 kQ to 23 kQ, whereas the resistance of
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the superlattice insulating state increases only slightly, with its
gate voltage range remaining almost unchanged. The signif-
icant enhancement of resistance at the CNP and the superlat-
tice gap in the strong coupling phase can be attributed to two
factors: enhanced electron—electron interactions induced by
CrOCl through long-range Coulomb coupling, and the screen-
ing of charge impurities from the SiO; substrate by the CrOCl
layer, which suppresses disorder scattering. In contrast, the

0.5 210

(a) Ry, () @ (b)

correlated insulating state at half-filling is primarily driven by
intrinsic electron correlations and is therefore less sensitive to
this extrinsic disorder-screening effect. The transport prop-
erties exhibit a pronounced electron—hole asymmetry. This
asymmetry originates from the asymmetric band alignment
and charge transfer between TBG and CrOCl, and is further

modulated by the gate-tunable interfacial coupling.
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Fig. 2. (a) Dual-gate map of the longitudinal resistance R, measured at 2 K and 0 T. (b) Ry as a function of the top gate voltage Vg at a fixed
bottom gate voltage of —50 V, corresponding to the red cutline in panel (a). (c) Ryx as a function of Vg at a fixed bottom gate voltage of 25 V,
corresponding to the blue cutline in panel (a). (d) D—n phase diagram of Ry, as a function of the displacement field D and the carrier density 7.

Based on the Vig corresponding to the electron-side full-
filling insulating state, the superlattice carrier density ng re-
quired to fill each set of degenerate superlattice bands is de-
duced to be 2.66 x 10> cm~2.

Brillouin zone of TBG possesses a four-fold degeneracy aris-

Each electronic band in the

ing from spin and valley degrees of freedom.!?°! Therefore, the
superlattice carrier density is given by

ng=4/A~862/(\3d), (1)

where the unit cell area A can be derived from graphene’s
hexagonal geometry, A ~ v/3a/ (26?), a is the graphene lat-
tice constant (0.246 nm), and O is the twist angle.[2J From
this relation, 6 of the TBG is calculated to be 1.07°, which
is close to the theoretical magic angle. It is worth noting that
this calculation is performed in the conventional phase, where
the CrOCI interface band lies above the Fermi level and no
charge transfer occurs, ensuring that the deduced carrier den-
sity reflects solely the filling of the TBG moiré bands.

The dual-gate structure allows independent control of the
carrier density and displacement field. The carrier density n

and displacement field D are given by[?®!
n= (CigVig + CogVhg) /¢, (2)
D = (CigVig — CogVhe) / (220), 3)

where Cig and Gy, are the top and bottom gate capacitances
per unit area, Vg and Vy, are the voltages applied to the top
and bottom gates, respectively, e is the electron charge, and
& is the vacuum permittivity. From the slope of the resistance
peaks in the conventional phase (Fig. 2(a), left section), we ob-
tain the ratio of the bottom to top gate capacitances. We then
transform the dual-gate diagram into a D-n diagram. The re-
lationship between Ry, D, and n is shown in Fig. 2(d). The
displacement field can tune the interfacial coupling and charge
transfer in the h-BN/TBG/CrOCI device. In the conventional
phase, for the same n, the insulating states are almost inde-
pendent of D, indicating that D has a negligible effect on
the band gap of TBG. In the strong coupling phase, R, is
modulated by D. The displacement field is screened by both
free charges and the interlayer dielectric environment. When
D = 0, the h-BN/TBG/CrOClI heterostructure can be viewed
as two monolayer graphenes without broken layer symmetry.
As D increases, the heterostructure enters a layer-polarized
state. At a critical D, the interfacial band of CrOCI overlaps
with the Fermi level of TBG, enabling charge transfer from
TBG to the interfacial band. As a result, the doping capability

of the dual gates on the electron side weakens.
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4. Distinct quantum Hall behaviors in the con-
ventional phase and strong-coupling phase
under a perpendicular magnetic field

Under a perpendicular magnetic field, the motion of elec-
trons is quantized in the plane perpendicular to the field, form-
ing Landau levels. When the Fermi level lies within the gap
between Landau levels, the longitudinal magnetoresistance
approaches zero, and the Hall resistance exhibits quantized
plateaus. The integer Hall plateau is given by

vV =ng.h/(eB), )

where n.... . is the TBG carrier concentration, 4 is Planck’s con-

TBG
stant, e is the elementary charge, and B is the magnetic field.

We measure dual-gate maps of R, and Ry, at 5 T, as shown
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in Figs. 3(a) and 3(b). The quantum Hall behaviors in the
two phases are distinct. In the conventional phase (Vyy < 0),
electrons in the h-BN/TBG/CrOCl device cannot move freely
along the z-direction, and a series of integer quantum Hall ef-
fects (QHEs) under hole doping are observed. In the interfa-
cial coupling phase (Vyg > 0), a positive V4, leads to a larger
hole doping concentration in TBG. The rearrangement of in-
teracting electrons in CrOCI may be the physical origin of this
phenomenon. >4

In the h-BN/TBG/CrOCl heterostructure, the integer Hall
plateaus occur at v = —4, —8, —12,..., as shown in Fig. 3(c).
The negative integer filling factors indicate hole-type Hall
transport, implying that CrOCl hole-dopes TBG. The spin and
valley degeneracy is 4, consistent with the conventional Lan-
dau quantization behavior of TBG.

—20 20
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Fig. 3. (a) Dual-gate scan of Ry, at 2 K and 5 T. (b) Dual-gate scan of R,y at 2 K and 5 T. (c) Ry (upper panel) and R,y (lower panel) as functions
of Vig at a fixed Vp,g = 54 V, corresponding to the yellow cutline in panel (a). (d) Ry, (upper panel) and R,y (lower panel) as functions of V;, at a

fixed Vig = —1.3 V, corresponding to the green cutline in panel (a).
The conventional and strong coupling phases exhibit dif-
ferent quantum Hall effects, as shown in Fig. 3(d). Compared
to the standard TBG quantum Hall plateaus, the plateaus at

v = —4 and v = —8 in the strong coupling phase become

wider. CrOCI can be considered an ideal dielectric layer at
low temperatures. Electrons localized in CrOCI do not par-
ticipate in transport, and charges applied by the gates do not
accumulate in TBG but instead fill states within CrOC1.B3%
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These electrons moving in the out-of-plane direction screen
the back gate. For v = —4, the back gate cannot regulate the
carrier concentration in TBG within the range from 38 V to
50 V, resulting in a widening of the quantum Hall plateau.
This behavior further confirms that the nonlinear relationship
between the dual-gate voltages and the carrier density in TBG
originates from charge transfer into CrOCl, consistent with the
trajectories of the insulating states observed in Fig. 2(a).

5. Charge transfer model between TBG and
CrOCl1

Based on the above experimental observations, we con-
struct a charge transfer model between TBG and CrOClI to
further understand the distinct behaviors of the device in the
conventional and strong coupling phases. Figure 4(a) shows
the phase diagram of interfacial coupling between TBG and
CrOCl, compiled from the R,, data measured under various
Vig and V4, at 0 T. By tuning Vi, and V4, the system can reside
in either the conventional phase I or the interfacial coupling
phase II, indicated by blue and green regions in the phase dia-
gram, respectively. In the conventional phase I region, the sys-
tem exhibits typical dual-gate-dependent transport behavior of
TBG. The CNP, half-filling correlated insulating state, and su-
perlattice insulating state are observed and marked by white
solid lines in the phase diagram. The black solid line denotes
the phase boundary between the conventional and interfacial
coupling phases, across which all insulating states exhibit
bending. In the interfacial coupling phase II region, charge
transfer between CrOCl and TBG occurs, making the TBG
hole-doped and giving rise to unconventional gate-dependent
transport properties. In region II, the resistance peaks at the
CNP and superlattice insulating states increase significantly,
accompanied by an expansion of their corresponding gate volt-
age ranges. Consequently, the CNP and superlattice insulat-
ing states evolve from conventional single-particle insulating
states into quantum insulating states with enhanced electron—
electron interactions. %3]

The work function difference between TBG and CrOCl
determines their band alignment. Given that CrOCl possesses
a high work function of 6.86 eV[3!l and that CI atoms are
highly electronegative, CrOCI readily accepts electrons from
TBG upon contact, resulting in carrier redistribution at the in-
terface. As a strong electron acceptor, CrOCl effectively de-
pletes electrons from TBG, shifting the Fermi level of TBG
downward and thereby inducing hole doping. Figure 4(b) il-
lustrates the electronic state occupation and band alignment
of TBG and CrOCI under different combinations of dual-
gate voltages. The blue shapes represent the flat and dis-
persive bands of TBG, with the Fermi level indicated by a
black dashed line; states below the Fermi level are occupied

by electrons. The green shapes represent the lowest-energy
interface band of CrOCI, which does not contribute to elec-
tronic transport. Hybridization between the Cr 3d orbitals of
CrOCl and the C 2p orbitals of TBG leads to the formation of
interface states and consequent charge redistribution./?) Ap-
plying a bottom-gate voltage is equivalent to establishing an
electric field across the few-layer CrOCI, thereby shifting the
CrOCl interface band relative to the Fermi level of TBG. When
Vbe < 0V, the negative gate voltage repels electrons in TBG
toward the gate, raising the CrOCI interface band relative to
the Fermi level. When Vi, > 0V, the positive gate voltage at-
tracts electrons in TBG toward the gate, lowering the CrOCl
interface band relative to the Fermi level, and electrons gradu-
ally populate the interface band.

(a) - ()
\ ng/2

\ CNP
\ —ng/2

Fig. 4. (a) Dual-gate phase diagram of the h-BN/TBG/CrOCI device. Re-
gion I (blue) corresponds to the conventional phase, and Region II (green)
corresponds to the interfacial coupling phase. The black solid line de-
notes the phase boundary between the two phases. The white solid lines
mark the CNP, the half-filling correlated insulating state, and the superlat-
tice insulating state. (b) Charge transfer model between TBG and CrOCl
under dual-gate control, illustrating the band alignment of the interface
states of TBG (blue) and CrOCl (green). The black dashed line indicates
the Fermi level Er of TBG, and the red solid line represents the phase
boundary.

In the conventional phase I region, the CrOCI interface
band lies above the Fermi level of TBG, and no charge transfer
occurs between CrOCl and TBG. In this case, CrOCl acts only
as a gate dielectric material. Its dielectric constant & = 4.9[2]
provides significant dielectric screening for TBG, reducing
Coulomb scattering between electrons and charged impuri-
ties. Adjusting the dual-gate voltages enables capacitive dop-
ing of TBG in the usual manner, similar to that in standard
h-BN/TBG/h-BN structures. [°!

In the interfacial coupling phase II region, the interface
band of CrOCI introduces an additional capacitance. As the
bottom gate voltage increases gradually, the CrOCI interface
band begins to overlap with the Fermi level of TBG. Electrons
transfer from TBG into CrOCl, and partial electronic states in
CrOCl lie below the Fermi level of TBG. When Vi, < 0V,
the negative gate voltage repels electrons in TBG, lowering
the Fermi level of TBG and increasing the hole doping con-
centration. As the absolute value of the negative gate volt-
age increases, the concentration of interfacial charge trans-

fer gradually decreases. When Vig > 0 V, the positive gate
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voltage raises the Fermi level in TBG, and the concentra-
tion of electrons transferred from TBG to the CrOCI inter-
face band increases correspondingly. As the gate voltage
increases further, a correlated insulating state appears when
the Fermi level of TBG reaches the half-filling position of
the flat bands. A superlattice insulating state appears when
each moiré unit cell is filled with four electrons. In the in-
terfacial coupling phase, the interface band of CrOCI may
form a long-wavelength localized charge order.!>!! When filled
with electrons, the interfacial band provides an effective back-
ground superlattice potential for electrons in TBG, enhanc-
ing the insulating states at the CNP and full-filling phase in
the h-BN/TBG/CrOCI device.!?*! Our findings in TBG/CrOCl
heterostructures extend previous studies on CrOCl-based het-
erostructures. For instance, reconstructed Landau levels were
observed in monolayer graphene/CrOCL,>!] while an uncon-
ventional correlated insulator was reported in Bernal bilayer
graphene/CrOCL.1?3! Interfacial charge coupling mechanisms
across different graphene/CrOCI heterostructures are similar.
In our twisted system, the interplay between the moiré flat
bands and the CrOCl interfacial coupling leads to unique gate-
tunable correlated and topological states, as well as modified
quantum Hall behaviors in the strong coupling phase, high-
lighting the distinct physics arising from the twist angle.

6. Conclusion

In conclusion, the transition from a conventional phase
to an interfacial coupling phase is demonstrated for TBG by
varying the top and bottom gate voltages of h-BN/TBG/CrOCl
van der Waals heterostructures. During the transition, bend-
ing phenomena are observed in the trajectories of the CNP,
correlated insulating state, and band insulating state. CrOCl
enhances electron—electron interactions in TBG through long-
range interlayer Coulomb coupling, leading to an order-of-
magnitude increase in resistance at the CNP and the super-
lattice insulating state in the interfacial coupling phase. Un-
der a perpendicular magnetic field, the integer quantum Hall
effect in TBG consistently shows negative filling factors, in-
dicating hole doping of TBG due to charge transfer within the
heterostructure. Broadened Landau level quantization plateaus
are observed in the strong interfacial coupling phase, indicat-
ing that the quantum Hall effect is significantly influenced by
the interaction between TBG and the underlying CrOCI. A
charge transfer model between TBG and CrOCl is constructed
to explain the transport phenomena. Charge redistribution at
the interface stems from the work function mismatch between
TBG and CrOCI. At the phase boundary between the conven-
tional and interfacial coupling phases, the interfacial band of
CrOCl overlaps with the Fermi level of TBG, enabling charge
transfer from TBG to the CrOCI interface band. CrOCI acts

as a source of holes for TBG. Electrons filling the interfacial
bands in CrOCI form charge order, which promotes electron—
electron interactions in TBG through long-range Coulomb
coupling. This work provides experimental evidence for ex-
ploring the carrier control mechanism of correlated insulat-
ing states in twisted graphene and offers insights for future
manipulation of electronic correlations and topological states
in twisted graphene moiré systems through interfacial charge
coupling.
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