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Although all matter is composed of component particles, these particles can

arrange themselves in various ways, giving rise to emergent phenomena that can

be surprisingly rich and often cannot be understood by studying only the indi-

vidual constituents. Discovering and understanding novel forms of emergence in

quantum materials, especially in those where multiple degrees of freedom or en-

ergy scales are delicately balanced, is of great fundamental interest to condensed

matter research [1, 2]. Here, we report on the surprising observation of emergent

ferroelectricity in graphene-based moiré heterostructures. Ferroelectric materi-

als exhibit an electrically-switchable electric dipole, which is usually formed by

spatial separation between the averaged centers of positive and negative charge

within the unit cell. Based on this, it is difficult to imagine graphene, a mate-

rial composed only of carbon atoms, exhibiting ferroelectricity [3]. However, in

this work, we indeed realize switchable ferroelectricity in Bernal-stacked bilayer

graphene sandwiched between two hexagonal boron nitride (BN) layers. By in-

troducing a moiré superlattice potential (via aligning bilayer graphene with the

top and/or bottom BN crystals), we observe prominent and robust hysteretic

behavior of the graphene resistance with an externally applied out-of-plane dis-

placement field. Our systematic transport measurements reveal rich and striking

response as a function of displacement field and electron filling, not previously

observed in any 2D systems, and beyond the framework of conventional fer-

roelectrics. We further directly probe the ferroelectric polarization through a

nonlocal monolayer graphene sensor. Our results suggest an unconventional,

odd parity electronic ordering in the bilayer graphene/BN moiré system. This

emergent moiré ferroelectricity may pave the way for ultrafast, programmable,

and atomically thin carbon-based memory devices.

Discovering and classifying novel phases of matter has been a constant driving force

throughout condensed matter research. For example, the recognition of spontaneous sym-

metry breaking has enabled the study and understanding of superconductors, magnets, and

many other correlated electronic states under a unifying principle. The concepts of Berry

phase and topology have led to novel topological phases including quantum spin Hall insu-

lators, 3D topological insulators, and Weyl semimetals [4]. With these exciting advances,

it is increasingly recognized that one of the next frontiers to discover new physics lies in
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systems where electronic correlations, spontaneous symmetry breaking, and Berry phase are

all at play [1, 2]. The realization of such systems with a variety of degrees of freedom in

a delicate balance calls for unprecedented ability to design, engineer, and control electronic

and symmetry properties of quantum materials.

In that sense, 2D moiré superlattices offer a uniquely suitable platform because they allow

for a powerful, yet generic, way to induce electronic correlations into systems where inter-

actions are otherwise not strong. For instance, monolayer graphene is a weakly interacting

2D semimetal. However, stacking one monolayer graphene on another at the magic angle

(∼ 1.1◦) strongly modifies the electronic structure [5–7], giving rise to emergent phenomena

[8, 9]. Current research, which has included a number of different moiré superlattices [10–

21], has uncovered superconducting and magnetic states, among others. Superconductivity

and magnetism correspond to the spontaneous breaking of gauge symmetry (charge conser-

vation) and spin rotational symmetry, respectively. Another class of symmetries that plays

an important role in both correlated physics and topology is the point group symmetries,

such as inversion, mirror reflection, and rotation. The spontaneous breaking of point group

symmetries can give rise to a wide range of novel electronic orders [22–25]. Moreover, these

electronic orders are predicted to serve as precursors to unconventional superconducting

pairing [26] or novel magnetism [27]. However, apart from a few studies reporting evidence

of nematicity in magic-angle graphene [28–30] and the observation of the quantum anoma-

lous Hall effect in BN-aligned magic-angle and ABC graphene [11, 12, 14, 31], the role of

point group symmetries in moiré systems remains largely under-explored.

Here, we study Bernal-stacked bilayer graphene [32] aligned with BN, a simple yet rich

moiré system where electronic correlations, Berry phase, and point group symmetries (such

as inversion symmetry) are simultaneously important. In Bernal-stacked bilayer graphene,

the unit cell consists of two inversion pairs (Fig. 1a). The space inversion symmetry is

effectively equivalent to the layer degeneracy. The application of an external out-of-plane

displacement field breaks the layer degeneracy and gives rise to a layer polarization in the

quantum wavefunction near the band edges, and hence a non-zero Berry curvature (Fig. 1b).

Such Berry curvature lies at the heart of the topological valley transport as well as chiral op-

tical and excitonic properties in bilayer graphene [33–37]. Because of this unique electronic

structure, theory has long predicted a wide range of spontaneous electronic order in pristine

bilayer graphene [32]. Under high magnetic fields at very low temperatures, experiments
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have indeed revealed a number of broken symmetry phases in the Landau levels [38, 39].

On the other hand, in the absence of a magnetic field, interesting experimental results sug-

gested electronic correlations [40–43], but the effects remain relatively subtle even at very

low temperatures with ultra-high quality samples, and their exact nature remains unset-

tled. Here, we put such chiral, quadratic gapless fermions that are protected by the layer

degeneracy onto a moiré superlattice potential (Fig. 1c), to search for correlation-driven

spontaneous symmetry breaking. In the following, we report on the observation of emergent

unconventional ferroelectricity in this system.

We have fabricated high quality, BN-encapsulated, dual-gated bilayer graphene devices,

as shown in Fig. 1c. This allows us to independently tune the externally applied charge

density, next, and the out-of-plane electric displacement field, Dext through experimental

control of the gate voltages (Methods). The moiré superlattice potential is introduced by the

rotational alignment between the bilayer graphene and the encapsulating BN flakes, which

plays a crucial role in the observed ferroelectricity. Such rotational alignment was achieved

by aligning the straight edges of the bilayer graphene flake and one of the BN flakes. The

other degree of freedom is the relative angle between the top and bottom BN flakes. In

Devices H2 and H4, the top and bottom BN flakes have a relative angle of ∼ 30 degrees

and ∼ 0 degrees, respectively; in Devices H1 and H3, the top and bottom BN flakes have

a relative angle of ∼ 20 degrees (Methods). Devices H2 and H4 exhibit dramatic hysteretic

responses to the externally applied displacement field, whereas hysteresis in Devices H1 and

H3 is relatively weaker.

Ferroelectric response in the BLG/BN moiré system

In the main text, we focus on the hysteretic characteristics of Devices H2 and H4. All

the data shown were taken at T = 4 K, unless otherwise noted. In Figs. 1d, the normal

bilayer graphene (Device N0) exhibits no hysteresis between forward and backward VBG

scans, whereas Device H2 and Device H4 (Figs. 1e,f) show significant hysteresis. It is

interesting to note that the resistance hysteresis loops for Devices H2 and H4 have the

opposite sequence in terms of whether the resistance peak appears in an advanced or a

retarded fashion, pointing to the unconventional nature of the ferroelectricity (see SI. III).

To further illustrate this behavior, we now systematically show the hysteretic transport

behavior of Device H4 by presenting the four-probe resistance measured as a function of top

and bottom gate voltages (VTG and VBG). (1) In the range of VTG from -8 to +8 V and VBG
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from -10 to +10 V (Fig. 2a), Device H4 behaves almost like normal bilayer graphene with the

gapless point at VTG = VBG = 0. (2) We reverse the scan direction of VBG and scan VBG from

+10 to -10 V. Identical normal bilayer graphene behavior is observed. (3) However, when

we further extend the range of VBG downward (Fig. 2b), the resistance peak ridge suddenly

turns to be almost parallel to the VBG axis upon reaching VBG ≈ −15 V. In other words, in

this regime, the device appears to behave as if the bottom gate “stops working” whereas the

top gate still functions normally. In the following, we refer to such a phenomenon as LSAS

(“layer-specific anomalous screening”) because the phenomenon suggests that the electric

field from a specific gate appears to be anomalously screened (SI. III). (4) Upon reaching

VBG = −20 V, we reverse again the scanning direction of VBG (Fig. 2c). Equally strikingly,

the LSAS behavior immediately stops, and normal bilayer graphene behavior is recovered.

(5) However, once we reach far enough on the opposite side of the gapless point, we enter

another LSAS regime (Fig. 2c). (6) At this point, if we reverse the scanning direction of VBG

again, the resistance immediately follows a normal bilayer graphene behavior and switches

to the LSAS behavior after a certain distance across the gapless point (Fig. 2d). As such,

the resistance peak lines for the two scanning directions form a parallelogram (Figs. 2e-g

and Extended Data Fig. 2). In other words, we observe very prominent hysteretic behavior

depending on the bottom gate scanning direction. However, no anomalous screening is

observed along the top gate direction (SI.V.3). A complete set of equivalent measurements

for Device H2 is shown in Extended Data Figs. 3-4, with similarly dramatic hysteretic

characteristics.

We summarize a few key observations in Figs. 2a-g: (1) Two particular electric displace-

ment fields on opposite sides of the gapless point (D1 and D2 in Figs. 2e-f) separate the

normal bilayer graphene behavior region and the LSAS region. When scanning upward with

increasing VBG, the peak line becomes parallel to the VBG axis upon reaching D1 (Fig. 2e).

The same applies for D2 when scanning downward with decreasing VBG (Fig. 2f). Similar

behavior is observed when the bottom gate is used as the fast scan axis (SI.V.3). (2) Inter-

estingly, D1 and D2 appear to be fixed with respect to the gapless point, whose position in

the parameter space of (VTG, VBG) can vary depending on the scanning history (Extended

Data Fig. 2).

Hall measurement along Dext

We now change the scan variables to Dext (fast axis) and next (slow axis) by sweeping
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VTG and VBG simultaneously. Consistent results are observed, as shown in Fig. 2h,i. The

transverse resistance Rxy directly measures the (mobile) charge density nH = B
eRxy

, which

therefore allows us to probe the conductive regimes that appear less prominent in the re-

sistance maps. In Fig. 2j, for the forward scan (red curve), nH shows that the system is

electron-doped, and the mobile charge density remains roughly unchanged for Dext < D1.

However, for Dext > D1, nH starts to deviate, consistent with the LSAS observed in resis-

tance, and, as a result, Dext can change the mobile charge density of the system. We now

reverse Dext to scan backward. As described above, the moment we reverse the scan direc-

tion, the LSAS behavior stops, so nH (blue curve) maintains a constant value until we reach

D2. We show nH at three fixed next values (Figs. 2j-l). Interestingly, nH always starts to

change at the same Dext values and with the same ∆nH. Therefore, our Hall measurements

show that D1 and D2 are the same irrespective of next within our accessible scan range.

Similar Hall measurements were also conducted in Device H2, as shown in Extended Data

Fig. 5. We note that both the LSAS behavior and the ability of Dext to change the mobile

charge density are very surprising and not observed in other 2D devices. We will return to

this point in the latter part of the paper.

Measurement of remnant polarization

We now show how the hysteretic resistance map in the (Dext, next) parameter space can

be used to visualize and to measure a switchable out-of-plane spontaneous polarization, i.e.,

ferroelectric ordering. The gapless band touching is only realized when the top and bottom

layers are degenerate, which implies an absence of an electrical displacement field across

the two layers. In the presence of ferroelectric ordering, the interlayer displacement field

has two contributions, the field induced by gating (∼ Dext) and the internal electric field

arising from the built-in ferroelectric polarization (P ). As such, the gapless point is only

realized when the externally induced and internal fields cancel each other out, i.e., zero

total interlayer displacement field (see SI.IV for further discussion). As shown in Fig. 3a,

the gapless points that appear in the two normal bilayer regimes (horizontal resistance peak

lines) are located at nonzero and opposite Dext values, demonstrating the existence of a

switchable, remnant polarization. From this analysis, we can directly read out ∆Dext/ε0

from Fig. 3a and convert into the remnant polarization by simply multiplying ε0. For H4,

∆PH4 = Pforward−Pbackward = +0.05 µC·cm−2. Interestingly, the remnant polarization scales

with the range of the displacement field, which is further explored in SI.V.3. Additionally,
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we probe the polarization of Device H4 independently by a nonlocal monolayer graphene

sensor, a technique recently demonstrated in Ref. [44], and we obtain consistent results

(Methods). Similarly, Device H2 also shows prominent hysteresis that forms a parallelogram

(Fig. 3b). In Device H2, it is the top gate that appears to be “not working” in the switching

regime, which is manifested as the opposite tilting direction of the parallelogram in Fig. 3b

(see more data on Device H2 in SI.V.2). Using the same method, we obtain ∆PH2 =

Pforward − Pbackward = −0.18 µC·cm−2 for Device H2. Intriguingly, Device H4 and Device

H2 have opposite remnant electrical polarization (Insets of Figs. 3a-b). Consequently, the

P−Dext loop in H4 is clockwise while the P−Dext loop in H2 is contour-clockwise as a result

of their opposite sequence between the normal bilayer graphene and LSAS behavior (see SI.

III). In fact, the opposite behaviors have already been suggested by the opposite sequences

of the resistance switching shown in Figs. 1e-f. A conventional ferroelectric material has a

counter-clockwise P −E loop. So in this sense, the behavior of Device H4 is highly unusual.

Moreover, here we observe both, opposite behaviors in Device H4 and H2. We provide a

possible microscopic picture below.

A microscopic theoretical picture

Our observation of strong hysteresis and LSAS phenomena provide an incentive to un-

derstand the underlying mechanism. Our systematic measurements and analyses of the

hysteretic and control devices strongly suggest that an extrinsic charge trapping mechanism

is unlikely to be responsible, and, in addition, the ferroelectric behavior cannot be well-

explained based on a lattice model in the framework of conventional ferroelectrics (Meth-

ods). Instead, our theoretical analyses and experimental observations indicate an intrinsic

origin and an unconventional nature of the reported ferroelectricity.

We now provide an intuitive theoretical picture based on interaction-induced interlayer

charge transfer which captures the dominant features in our data [45]. We note, however,

that further theoretical work will be required to confirm the plausibility of this picture. First,

we highlight important properties of the single-particle electronic structure of the bilayer

graphene/BN moiré system. As mentioned above, normal bilayer graphene (misaligned to

BN) has a quadratic band dispersion. An external displacement field gaps out the quadratic

band touching and flattens the dispersion near the gap edge. Importantly, while states in the

vicinity of the gap edge become layer polarized, states away from it remain layer degenerate

(Figs. 3c,d). In the case of BLG aligned to BN, because of the small moiré wavevector km,
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it is possible for the entire low-energy moiré band to become highly layer polarized (Fig. 3e)

at a large enough displacement field. In real space, this means that electrons occupying a

moiré band at low energy are located on a specific layer. In momentum space, this means

that the low-energy moiré band will become increasingly flat. Without loss of generality, let

us consider a large positive displacement field. Then the highest moiré valence band and

the lowest moiré conduction band will be largely polarized to the bottom and top layers,

respectively (Fig. 3e).

Second, we now consider the effect of correlations. As one increases the displacement

field, the bands become increasingly flat and layer polarized. The kinetic energy becomes

quenched, making the effect of correlations (e.g., on-site Coulomb repulsion) more significant.

This gate-tunable correlation effect is a unique property of bilayer graphene, where band gap

formation through an external electric field allows modification of the bandwidth, effective

mass, and hence correlation strength (SI.IV). Based on our data, we assume that the on-

site repulsion in the bottom layer is the relevant one in Device H4. This layer asymmetry

translates into the asymmetry between the moiré valence and conduction bands due to

the electronic layer polarization. In this particular discussion (Dext > 0), the correlation

effect (on-site repulsion U) dominates in the moiré valence band. There may exist a critical

displacement field above which the on-site repulsion U in the bottom layer (valence band) is

sufficiently strong that the moiré valence band splits into lower and upper Hubbard bands

(Fig. 3f). Because U is larger than the band gap ∆, it is energetically more favorable

for electrons to occupy the moiré conduction band rather than the upper Hubbard band.

This leads to a transfer of electrons from the valence band (bottom layer) to the moiré

conduction band (top layer), which is accompanied by a change of the polarization. It is

important to note that this polarization generated by the interlayer charge transfer is actually

in the direction opposite to the externally applied positive displacement field. Further, this

process is hysteretic, because increasing VBG triggers the interlayer charge transfer whereas

decreasing VBG does not. Specifically, increasing VBG adds electrons to the fully polarized

upper Hubbard band (the bottom layer). This process is energetically unfavorable due to

strong Coulomb repulsion. As a result, increasing VBG does not introduce electrons to the

graphene from the ground; rather, electrons are transferred from the bottom layer to the top

layer within the graphene, leading to the observed LSAS behavior. In contrast, decreasing

VBG removes electrons from the graphene system, which is energetically allowed. Therefore,
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when we reverse the scanning direction to decrease VBG, the interlayer charge transfer does

not occur; the LSAS stops and normal bilayer graphene behavior appears. Using the fact that

the interlayer charge transfer gives rise to a polarization that is in the opposite direction to

the external displacement field and that, the moment when we reverse the scanning direction

to decrease VBG, the LSAS stops and the normal bilayer graphene behavior appears, one

can find that a clockwise P − Dext loop is naturally derived. This process is energetically

possible due to the ability of Dext to change the mobile charge density, meaning that our

system is not an isolated system and it exchanges particles with the environment, unlike

conventional ferroelectric materials.

With the layer-specific moiré flat bands and interlayer charge transfer picture, the ferro-

electricity and LSAS behavior in Devices H4 and H2 can both be understood (see Methods

and SI.III). Meanwhile, it is interesting to note that a spontaneous interlayer charge transfer

has been observed in the GaAs double layer system [46]. Although the above picture may

capture dominant features in our data, we wish to emphasize that further experiments are

needed to fully understand the observed ferroelectricity.

Robustness of the ferroelectric switching

We now present further systematic measurements to demonstrate the robustness of the

ferroelectric switching. In Fig. 4a, we repeat the same hysteresis loop 20 consecutive times.

All 20 scans fall exactly onto each other. Such remarkable reproducibility confirms the

intrinsic nature of our observations. In Fig. 4b, we perform five consecutive Dext scans along

alternating forward and backward directions with different ranges while keeping next = 0:

(1) We start from zero displacement field and scan Dext forward (the green curve), as Dext

surpasses D1, the LSAS occurs and we observe a conductance dip (resistance peak) that

corresponds to cutting through the right edge of the parallelogram in Fig. 3a. (2) As

soon as we turn back (pink curve), both gates function normally. Therefore, the system

immediately follows a constant conductance curve. Once we reach Dext = 0 we stop. (3)

We then scan again forward (black curve). Since the pink curve did not reach D2, the black

curve exactly follows the pink curve. (4) We turn around to scan backward (blue curve),

this time going below D2. As Dext surpasses D2, the system again enters the LSAS regime

and we observe a resistance peak that corresponds to cutting through the left edge of the

parallelogram in Fig. 3a. (5) Turning back to scan forward, both gates work normally until

we reach D1 and the behavior is identical to the green curve. These scans confirm that the
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switching behavior in H4 is robustly triggered by reaching the LSAS regime.

Moving forward, our observations suggest many exciting possibilities. In terms of fun-

damental physics, it would be interesting to study many other bilayer 2D crystals under a

moiré superlattice potential. In fact, the methodology applied here may be generalized to

create ferroelectricity in a wide range of naturally non-polar 2D crystals. Since the ferroelec-

tric instability is intrinsically odd-parity, its introduction into magnetic or superconducting

systems may induce exotic magneto-electric coupling [27] or odd-parity Cooper pairing [26].

The unconventional ferroelectricity can also enable a number of novel nonlinear optical re-

sponses. In terms of applications, by writing domains with piezoelectric force microscopy,

one can design controllable topological electrical circuits [34–36]. Moreover, our systems can

be used as high-performance memory devices due to the strong hysteresis, large on-off ratio,

and remarkable robustness. More significantly, the promise of electronically-driven switch-

ing may enable next-generation memory components with potentially ultrafast operation

speeds.
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[33] Li, J., Martin, I., Büttiker, M. & Morpurgo, A. F. Topological origin of subgap conductance

in insulating bilayer graphene. Nature Physics 7, 38 (2011).

[34] Ju, L. et al. Topological valley transport at bilayer graphene domain walls. Nature 520,

650–655 (2015).

[35] Sui, M. et al. Gate-tunable topological valley transport in bilayer graphene. Nature Phys. 11,

1027–1031 (2015).

[36] Shimazaki, Y. et al. Generation and detection of pure valley current by electrically induced

Berry curvature in bilayer graphene. Nature Phys. 11, 1032–1036 (2015).

[37] Ju, L. et al. Tunable excitons in bilayer graphene. Science 358, 907–910 (2017).

[38] Maher, P. et al. Evidence for a spin phase transition at charge neutrality in bilayer graphene.

Nature Phys. 9, 154–158 (2013).

[39] Hunt, B. et al. Direct measurement of discrete valley and orbital quantum numbers in bilayer

graphene. Nature Commun. 8, 948 (2017).

[40] Weitz, R. T., Allen, M., Feldman, B., Martin, J. & Yacoby, A. Broken-symmetry states in



13

doubly gated suspended bilayer graphene. Science 330, 812–816 (2010).

[41] Bao, W. et al. Evidence for a spontaneous gapped state in ultraclean bilayer graphene. PNAS

109, 10802–10805 (2012).

[42] Freitag, F., Trbovic, J., Weiss, M. & Schönenberger, C. Spontaneously gapped ground state

in suspended bilayer graphene. Phys. Rev. Lett. 108, 076602 (2012).

[43] Nam, Y., Ki, D.-K., Soler-Delgado, D. & Morpurgo, A. F. A family of finite-temperature

electronic phase transitions in graphene multilayers. Science 362, 324–328 (2018).

[44] Fei, Z. et al. Ferroelectric switching of a two-dimensional metal. Nature 560, 336–339 (2018).
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FIG. 1: Bilayer graphene/BN moiré superlattice: quadratic, chiral fermions on a moiré

potential. a, Lattice structure of Bernal-stacked bilayer graphene. The triangle marks its inver-

sion center. b, Schematic illustration of the band dispersion and layer polarization of the low-energy

electronic states of pristine bilayer graphene at different interlayer electric fields. c, Schematic of

our BN-encapsulated bilayer device with top (VTG) and bottom (VBG) gates. The black arrow

identifies the positive electric field direction. Left panel: schematic illustration of the bilayer

graphene/BN moiré superlattice pattern. One-side alignment is shown with an enlarged lattice

mismatch for clarity. d-f, Four-probe resistance for a normal bilayer graphene Device N0 (d) and

the hysteretic Device H2 (e) and Device H4 (f). The x axis VBG(VTG) is normalized by the bottom

BN thickness dB(dT). The forward and backward scans are shown in red and blue, respectively.

The inset of (d) is the dual-gate map of the four-probe resistance for the normal bilayer graphene.

The insets of (e) and (f ) are the conductance plots.
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The “zigzag” patterns illustrate how the data are taken. “Start” (“End”) denotes the starting

(ending) point for each dual-gate map. During these measurements, VTG is swept as the fast scan

axis and VBG is swept as the slow scan axis. At a fixed VBG, we scan VTG from -8 V to +8 V while

recording data (solid lines) and then ramp back to -8 V continuously without recording (dashed

lines). We change VBG by a small step and scan VTG back and forth again. Only the data collected

along the solid lines are shown. e-f, Forward and backward scans for VBG swept between -50 to

50 V. g, The difference between resistance measured in (e) and (f). h-i, The resistance measured

while sweeping the externally applied displacement field Dext in the forward (h) and backward (i)

direction at each fixed carrier density next. The carrier density scan direction is from the negative

to positive values. j-l, Carrier density (nH) extracted from Hall measurements along the lines

denoted in (h) and (i).
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Methods

Device fabrication and rotational alignment: We fabricated BN-encapsulated

Bernal-stacked bilayer graphene devices with different alignment configurations between

graphene and BN. Graphene and BN flakes were first exfoliated onto Si/SiO2 chips. Bilayer

graphene was identified using Raman spectroscopy. BN flakes with suitable thicknesses (be-

tween 10 to 50 nm) were chosen based on optical contrast and later measured by atomic

force microscopy. In addition, we chose graphene and BN flakes with long and straight

edges, which, with high likelihood, correspond to one of the crystallographic axes (armchair

or zigzag). Therefore, the straight edges can be used as a guide for rotational alignment

between different flakes. The bottom BN, graphene, and the top BN flakes were stacked

together and transferred onto pre-patterned metal bottom gates through the standard dry-

transfer technique using a polydimethylsiloxane (PDMS)/poly(bisphenol A carbonate)(PC)

stamp. In Devices H1, H2, and H3, the top and bottom BN were from two independent

flakes. We intentionally aligned the straight edges of only the top BN (for H1 and H3) or

both the top and bottom BN (for H2) to that of graphene. In Device H4, we used the

reactive ion etching (RIE) method to cut one large BN flake into two pieces and used them

for both the top and bottom BN layers. The straight edges of top and bottom BN (orig-

inally the same edge in this case) and graphene were all aligned for Device H4. Electrical

connections to the devices were made through a top contact method: we first used elec-

tron beam lithography to define electrode areas, then etched the top BN within those areas

and evaporated Cr/PdAu on top of the now exposed graphene. In some of our devices, a

protective layer of BN was transferred on top of the device before the top gate (metal or

monolayer graphene) was fabricated (details specified in Extended Data Table 1). In the

dual-gate (top gate voltage VTG and bottom gate voltage VBG) structure, the externally

injected carrier density, next, is defined as next = εbε0VBG

edb
+ εtε0VTG

edt
and the externally defined

displacement field, Dext = 1
2
( εbε0VBG

db
− εtε0VTG

dt
). Dext/ε0 is the effective electric field applied

to the bilayer graphene through the combination of the top and bottom gates, following

many of the previous studies [39, 44, 47, 48]. Here, ε0 is the vacuum permittivity, εb(t) is the

bottom (top) gate dielectric constant, and db(t) is the thickness of bottom (top) BN flake.

In Devices H2 and H4, however, the prominent hysteretic behavior imposes challenges on

the conversion based on the definition above. Therefore, we define next and Dext based on

the Hall density measurement and the resistance peak slope in the dual-gate map in the
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“normal bilayer graphene” region. For the same device, we keep a constant conversion for

all the data presented.

We performed optical second-harmonic generation (SHG) measurements to determine the

crystallographic axes of BN [49] and therefore the relative rotational angles between the top

and bottom BN flakes for Devices H1, H2 and H3. The measurements (SI.V.1) show that

for Devices H1 and H3, the top and bottom BN are rotated by ∼ 20◦ (or 80◦). For Device

H2, the top and bottom BN were rotated by ∼ 30◦ (or 90◦). This is not surprising, as the

straight edge can be along either the zigzag or armchair direction in honeycomb lattices. In

Device H4, the top and bottom BN originate from the same flake. However, the relative

alignment angle between the top and bottom BN can still be 0◦ or 180◦. This is because

of BN crystal’s natural stacking sequence: each BN layer is 180◦ rotated with respect to its

neighbor. Therefore, depending on the evenness or oddness of the number of layers of the BN

flake, the two BN layers that directly interface with the bilayer graphene can have a relative

angle of 0◦ or 180◦. This angle certainly can affect the top and bottom moiré patterns,

which in turn affect the moiré band structure. However, they cannot be distinguished by

our current fabrication and deserve future investigation.

For Devices H1 and H3, we can extract the moiré wavelength and twist angle between

graphene and BN from the carrier density at the superlattice gaps, which correspond to the

full filling of the moiré bands (4 electrons per moiré unit cell). The moiré wavelength λ and

the twist angle φ are related to the superlattice density ns as follows [50]:

λ =
(1 + δ)a√

2(1 + δ)(1− cosφ) + δ2
,

gsgv2√
3λ2

= ns

where a is graphene lattice constant, δ is the lattice mismatch between BN and graphene,

and gs and gv are the spin and valley degeneracies. Due to the lattice mismatch, it has been

previously shown that the graphene/BN superlattice with both zero or small twist angles

can give rise to a moiré pattern with long wavelength [50–54]. For both H1 and H3, the

moiré wavelength is ∼ 10 nm, corresponding to a twist angle ∼ 1◦. For Devices H2 and

H4, it is difficult to identify superlattice peaks due to the prominent hysteretic behavior of

carrier density with gating (See SI. V for more information).

Summary of device parameters and basic behavior: We have measured a spectrum

of different dual-gated graphene devices, including monolayer graphene (MLG), Bernal-
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stacked bilayer graphene (BLG), and ABA trilayer graphene (TLG) with various alignment

configurations to the top and bottom BN. Among these devices, we only observed significant

hysteretic behavior with the displacement field in aligned BLG devices. In these devices, the

BLG and the top and/or bottom BN are stacked with special angles. Parameters of hysteretic

devices and representative control devices are summarized in Extended Data Table 1 and

further explained in the text below. Here, we use M for monolayer, N for normal bilayer, T

for trilayer, and H for hysteretic devices:

To further illustrate the behavior of different devices and compare their responses to

the out-of-plane displacement field, we highlight some of the key devices in Extended Data

Fig. 1.

1. Device M1: In panels a-c, we show the behavior of a double-aligned monolayer

graphene device. The resistance map is characterized by insulating regimes (high re-

sistance) along the top-left to bottom-right diagonal line with multiple series of super-

lattice peaks corresponding to different moiré wavelengths due to the close alignment

of all three components. No hysteresis is observed as we sweep the displacement field

back and forth.

2. Device N0: In panels d-f, for the un-aligned bilayer graphene Device N0, we indeed

observe the normal bilayer graphene transport behavior, as observed in many previ-

ous studies [47, 55]. The resistance map is characterized by insulating regimes (high

resistance) along the top-left to bottom-right diagonal line with a displacement field

dependent gap-opening behavior but metallic regimes (low resistance) elsewhere. No

hysteresis is observed as we sweep the displacement field back and forth.

3. Device T1: In panels g-i, we show the behavior of an aligned trilayer graphene

device. Instead of a gap-opening behavior along the displacement field, we note that

the high resistance area is near the zero displacement field region and decreases as

the displacement field increases. This is consistent with what is reported for the case

of ABA stacked trilayer graphene [56, 57]. As with the normal bilayer graphene, we

do not see an obvious sign of hysteresis when we scan along the displacement field

direction.

4. Device H1/H3: Devices H1 and H3 have the same stacking configurations between
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the BLG and BNs and exhibit the same hysteretic characteristics. We show measure-

ments from Device H1 in panels k-m. The resistance of the Dirac peak is asymmetric

about the zero displacement field. Depending on the scanning direction, the resistance

in the positive displacement field side is higher (or lower) than that in the negative

displacement field side. This hysteretic behavior is better visualized in panel m, where

the forward and backward curves form a closed hysteresis loop.

5. Device H2/H4: We classify Devices H2 and H4 in the same group with strong

hysteresis. “Strong” means: (a) There exists striking switching between “normal dual

gating” and “layer-specific anomalous screening” (LSAS) regimes. In the LSAS regime,

the resistance peak runs parallel to a single gate in the dual-gate map (panel o). (b) In

the n−D map (panel p), between the forward and backward displacement field scans,

the resistance peak lines have a significant shift in terms of externally defined carrier

density; (c) In both the dual-gate VBG − VTG map and n−D map, there is dramatic

asymmetry both between +D and −D and between electron and hole. (a),(b) and (c)

are closely linked. The strong hysteretic behavior is the focus of our analyses in the

paper.

Distinguishing the intrinsic and extrinsic mechanism: Below, we discuss the pos-

sibility that our observations, including the strong hysteresis and the LSAS phenomena, are

caused by trapped extrinsic charges. Of particular importance is to address the possibility

of extrinsic charge injection into the bilayer graphene system by the applied gate voltages.

We consider two possible extrinsic trapping sites: defects in the BN dielectrics and at the

graphene/BN moiré interfaces. They are both unlikely due to the following experimental

facts: (1) Let us assume that the hysteresis arises from extrinsic charges in a particular BN

layer (e.g., the bottom BN). Given the fact that the bilayer graphene is electrically grounded,

the top gate voltage VTG will not be able to apply any significant electric field in the bottom

BN dielectric. In other words, the switching, in this case, will only depend strongly on VBG

but will be nearly independent of VTG. In contrast, in our data, the switching depends on

Dext, which is accomplished by scanning VTG and VBG in a coordinated manner. This clearly

shows that the ferroelectric switching arises from the bilayer graphene itself, rather than from

defects (charge injections) from the dielectric layer on a single side. (2) We have studied

carefully aligned monolayer graphene/BN moiré systems and ABA trilayer graphene/BN
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moiré systems. The results are consistent with previous studies [13, 51–54]. They do not

show the hysteresis as observed in Devices H2 and H4. (3) We have studied many bilayer

graphene/BN devices (including Devices H1-H4 and additional devices shown in Methods).

We fabricated these devices using the same procedures but with various relative alignment

angles between the three components (bottom BN, graphene, and top BN). The hysteresis

is found to be uniquely tied to the relative alignment angles. (4) In SI.V.2, we present addi-

tional data from Device H2, which shows that the hysteresis behavior is indeed sensitive to

very small angle variations across the sample. (5) In previous studies, hysteresis caused by

extrinsic charge trapping states is found to strongly depend on the gate sweeping rate [58].

In contrast, our measurements (Extended Data Fig. 8) show that the observed hysteresis is

independent of gate sweeping rates. In SI.II, we expand on the above discussion and also

provide additional pieces of evidence. These systematic measurements and analyses, taken

collectively, strongly suggest that extrinsic charge traps are highly unlikely, indicating an

intrinsic origin of the observed ferroelectricity.

Our systematic measurements provide important clues towards understanding the micro-

scopic mechanism for the observed ferroelectricity. In conventional ferroelectrics, the ions

spontaneously displace in an ordered fashion that breaks crystalline inversion symmetry,

leading to an electrical polarization. Such a lattice model is less likely here based on the

combination of our theoretical analyses and experimental observations: (1) In a pristine BN-

aligned bilayer graphene lattice, no macroscopic electrical polarization is expected. This is

because, while boron and nitrogen provide opposite local potentials to carbon, the existence

of the moiré pattern leads to cancellation upon spatial average (see analyses in SI.II.2). (2)

The sharpness of features in the resistance and capacitance maps (Extended Data Fig. 7), as

well as the consistency over many consecutive scans, indicate that the ferroelectric switch-

ing is uniform over the entire sample, rather than from local structures on the moiré scale

[59]. (3) More importantly, the LSAS behavior is beyond what is expected for conventional

ferroelectric materials. In a conventional ferroelectric material, positive and negative bound

charges move under the influence of the external displacement field, flipping the polarization.

Notably, the displacement field only flips the polarization but does not change the number

of total mobile carriers. This is the case for all well-studied ferroelectric materials (being

insulators with zero carrier density before and after the switching). This is also the case

for the recently discovered ferroelectric metal, few-layer WTe2. Despite the presence of free
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carriers, in WTe2, the total mobile carrier density remains unchanged before and after the

switching via the displacement field [44]. In sharp contrast, here we observe that, because

of the LSAS behavior, the displacement field can change the total mobile carrier density of

the bilayer graphene, as demonstrated by the Hall measurements.

Understandings on the relation between Device H2 and H4: While the micro-

scopic picture in the main text was described based on Device H4, behaviors in both devices

can be understood consistently within the same picture. One noticeable difference in de-

tailed behavior between Devices H2 and H4 is the opposite sequence between normal bilayer

graphene and the LSAS regime as we described in the main text. We may understand this

difference by assuming that in Device H4 a minimum Dext is needed to generate the flat band,

whereas, in Device H2, a layer-specific moiré flat band may be already present close to the

Fermi level at Dext = 0. Such an assumption requires that the flatness of the band depends

both on the displacement field and the details of the moiré potential, which is quite likely

in Bernal bilayer graphene. Indeed, recent experiments on twisted double bilayer graphene

show correlated insulator behavior only for intermediate displacement field ranges [15–18].

In our system, the moiré band structure will depend on delicate geometrical properties. One

obvious geometrical property is the stacking angle. Another geometrical property relevant

in Device H4 is the translational alignment between the two moiré patterns. Because the

graphene layers in Device H4 are rotationally aligned with both BN flakes, the moiré pat-

terns from both sides are expected to be very similar in terms of moiré unit cell structure

and wavelength. Thus, the translational alignment between the two moiré patterns in De-

vice H4 may be important. In summary, the coexistence and independent configuration of

the top-BN/graphene moiré potential and bottom-BN/graphene moiré potential, together

with applying an displacement field can fine-tune both the single-particle band structures

and the correlation landscape, giving rise to different behaviors in Devices H4 and H2.

Probing the out-of-plane electrical polarization using the monolayer graphene

sensor: In Device H4, which has monolayer graphene as its top gate, we can also probe the

out-of-plane polarization by using the top monolayer graphene (tp-MLG) as an electric field

sensor, a technique demonstrated in Ref. [44]. The monolayer graphene conductance serves

as a direct measurement of the electrical field inside the top BN dielectric (Et). To then

relate Et to the electrical polarization P (areal polarization density, with unit µC · cm−2)

of the bilayer graphene (BLG), we define Ei as the interlayer electric field and di as the
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interlayer distance of the BLG. We have the relation ε0εtEt = ε0Ei + P directly following

Gauss’s law. Further, For the case that the MLG and BLG are both grounded and the

BLG is at charge neutrality, we have another relation Etdt + Ei(
1
2
di) = 0. According to

the two relations above, P directly depends on Et through P = (ε0εtdi + 2ε0dt)
Et

di
. Since

dt � di, P ∼ 2ε0
dt
di
Et. Now, we consider two states of the bilayer with opposite electrical

polarizations but with zero net charge. The change of polarization ∆P between these two

states is directly proportional to the corresponding changes of the top electric field ∆Et:

∆P ∼ 2ε0
dt
di

∆Et.

As a reference, we first measure the tp-MLG conductance as a function of the gate voltage

applied between the BLG and the tp-MLG, VBL (Extended Data Fig. 6e-f). This allows us

to uniquely assign a corresponding value of Et to each value of the tp-MLG conductance

through the relation Et = VBL/dt (VBL can be read from the x-axis) (assuming we know

whether the monolayer is electron-doped or hole-doped). Now, we ground both the tp-MLG

and the BLG, and measure the monolayer graphene conductance as we vary the bottom

gate voltage VBG. As shown in Extended Data Fig. 6d, the tp-MLG conductance exhibits

a significant hysteresis when we scan VBG forward and backward. Particularly, the tp-MLG

shows two different conductance values when the BLG has opposite polarization but remains

charge neutral (as a comparison between Extended Data Fig. 6 panel d and panel b shows).

By extracting VBL values corresponding to these two tp-MLG conductance values, we obtain

∆P ∼ 2ε0∆VBL/di ∼ 0.12 µC·cm−2.

This value is on the same order of magnitude as the one obtained from Fig. 3, but the

specific value differs by a factor of 2.4. We provide one possible reason for this discrepancy.

For simplicity, we refer to the method used in Fig. 3 as Method I and the method used in

Extended Data Fig. 6 as Method II. In Method I, ∆P is extracted according to ε0Ei+P = 0

(effective displacement field is zero between the top and bottom layers of the BLG) at the

gapless point of the BLG. In Method II, ∆P is extracted according to Etdt + Ei(
1
2
di) = 0,

meaning the potential drop between the center of the BLG and the tp-MLG is zero when

they are both grounded. Experimentally, the potential at the center of the BLG may not

be strictly zero.

Probing the electronic compressibility through capacitance measurements: To

further confirm the dramatic hysteretic behavior observed in transport measurements, we

also performed capacitance measurements, which are sensitive to the bulk properties of the
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entire device area rather than local electronic behavior. Due to the low dimensionality

of bilayer graphene, the capacitance measured between the graphene and one of the gates

contains a significant contribution from the electronic compressibility, a thermodynamic

measure of the density of states. In a 2D system with a single gate, the capacitance is

related to the compressibility through a quantum capacitance term, Cq ≡ Ae2∂n/∂µ (A

is the area of the capacitor and µ is the chemical potential), which sums in series with

the geometric capacitance Cg to yield the total capacitance, C−1 = C−1g + C−1q . In bilayer

graphene with top and bottom gates, there is a similar relation for each of the top and

bottom capacitances, with additional terms due to the coupling between the layers.

Here, we focus on bottom-gate capacitance data from Device H2, measured in a 4 K He

cryostat with an excitation voltage of δVBG = 1 mV at 57.3 kHz. The off-balance signal

from a capacitance bridge (point “(B)” in Extended Data Fig. 7e) is amplified using a

cryogenic two-stage amplifier to remove the effect of stray capacitances from measurement

cabling. The capacitance was calculated by relating the off-balance voltage to a reference

capacitance on the bridge circuit.

By measuring the bottom-gate capacitance Cb while sweeping the gate-defined displace-

ment field, Dext, for a series of fixed gate-defined carrier densities, next, we directly map

the parameters for which the bulk of the bilayer becomes incompressible (dark lines in

Extended Data Fig. 7a), denoting the opening of a band gap. Normally, in intrinsic bi-

layer graphene, there is a band gap at charge neutrality that depends monotonically on

the magnitude of the displacement field. However, in our experiment, the incompressible

feature deviates from next = 0 for a large range of displacement fields. Sweeping the ex-

ternal field in the opposite direction (Extended Data Fig. 7b) results in a large shift in the
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Extended Data Table. 1: Device parameters and characteristics for Device M1, N0, T1,

and H1-H4. Protective BN means a big BN piece that is used to cover the entire device before

fabricating the top gate. The thicknesses of BN were measured by Atomic Force Microscopy

(AFM). The relative angle between the top and bottom BN is measured using optical SHG. For

details, please refer to the previous Methods section. Flower shape means a device geometry as

shown in Fig. S14. MLG means monolayer graphene.
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Extended Data Fig. 1: Resistance data summary for Device M1, N0, T1, H1, and H4.

Device schematic, dual-gate resistance map, n − D map (forward and backward), and resistance

as a function of externally applied displacement field at zero doping for representative devices M1

(a-c), N0 (d-f), T1 (g-i), H1 (j-m), and H4 (n-q). The line traces along the electric field direction

are marked by black dashed lines. The superlattice resistance peaks are marked by cyan dashed

lines. Note that the horizontal resistance line in h stems from a region of the sample that is only

controlled by the top gate. Note that line traces in q are taken at next = 0 from the n −D map

(p), whereas line traces in Fig. 1f in the main text are taken at VTG = 0 from the dual-gate map

(Fig. S25e-f), hence the difference in resistance magnitude.
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Extended Data Fig. 2: Shifting of the hysteretic behavior in Device H4. a-c, Forward (a)

and backward (b) scans of the four-probe longitudinal resistance as a function of VTG and VBG

and their difference (c). d-e, and g-i, Same measurements as in (a-c), except that VBG is swept

between 0 to 50 V and -40 V to 0, respectively. We present a phenomenological model to simulate

the resistance maps in SI.V.3.2.
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longitudinal resistance as a function of VTG and VBG. Panels a,b,c show the forward, backward

scans and their difference, respectively. d-f, and g-i, Same measurements as in (a-c), except that

VTG is measured within 0 to 5 V and -5 V to 0, respectively.
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Extended Data Fig. 5: Hysteretic signature in Hall measurements for Device H2. The
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from the negative to positive values. c-e, Carrier density extracted from Hall measurements along

the lines denoted in (a). Red and blue curves were taken during the forward and backward scan

of Dext, respectively.
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Extended Data Fig. 6: Probing the out-of-plane electrical polarization using the top

monolayer graphene sensor in Device H4. a, Experimental configuration for measurements

of the conductance of the bilayer graphene (BLG). b, Measured conductance of the bilayer graphene

as a function of VBG (top gate is grounded). The red and blue curves correspond to the forward and

backward VBG scans, respectively. The vertical dashed lines denote the VBG values that correspond

to the charge neutrality point of the BLG for forward and backward scans. c, Experimental

configuration for the measurements of the conductance of the top monolayer graphene (tp-MLG).

d, Measured conductance of the monolayer graphene as a function of VBG with bilayer graphene

grounded. The gate voltages are the same as in panel (b) (see Methods). The red and blue dots

denote the conductance of the tp-MLG when the BLG is charge neutral. e-f, Measurements of

the conductance of the monolayer graphene as a function of VBL (voltage applied to the bilayer

graphene). The conductance of the monolayer at the red and blue dots in panel (d) can be inversely

mapped to two different VBL values, which corresponds to the difference of electrostatic potentials

on the top surface of bilayer graphene induced by ferroelectric switching (see Methods). The

in-plane bias voltage VSD was kept below 1 mV for all the measurements.
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Extended Data Fig. 7: Hysteresis signature in the bulk electronic compressibility of

Device H2. a-b, Bottom capacitance Cb between the bottom gate and bilayer graphene as

a function of the externally applied field, Dext as the fast scan axis, and gate-defined carrier

density, next as the slow scan axis. The white arrows indicate the sweep direction of Dext in each

panel. Deviations of the capacitance from the geometric value reflect modulations in the electronic

compressibility, ∂n/∂µ, from the total area of bilayer graphene overlapping the bottom gate. Data

were collected by sweeping the displacement field at each fixed carrier density, as in Figs. 2h-

i. Dark features indicate regions of incompressibility resulting from the opening of a gap in the

bilayer graphene. The gapless point, a compressible state with high Cb, is achieved at a finite

Dext that depends on the sweep direction. c, Forward and backward traces from (a) and (b) at a

fixed next. d, Resistance traces at the same density showing resistance peaks corresponding to the

incompressible features in (c). e, Circuit schematic of the bottom gate capacitance measurement,

including a two-stage cryogenic amplifier (enclosed in dashed box). Capacitance is measured by

applying a small AC excitation voltage to the bottom gate, δVBG, while also applying a nearly

180◦ out-of-phase signal, δVref, to a reference capacitor, Cref to null the voltage at the bridge

balance point, “(B)”. Deviations in the balanced signal caused by variations in compressibility are

amplified by two high electron-mobility transistors and measured at the drain of the second stage,

δVout. Carrier density next and external field Dext are controlled by top- and bottom-gate DC

voltages VTG and VBG, in the same way as in the transport measurements.
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Extended Data Fig. 8: Independence of the hysteretic behavior on the sweep rate. a-c,

Forward (red) and backward (blue) sweeps of the bottom-gate capacitance, Cb, from Device H2 at

fixed carrier density next. Sweep rates shown in each panel denote the rate at which the externally

applied displacement field Dext/ε0 was ramped in the BN dielectric layers. No noticeable variation

was observed in the capacitance features for a large range of sweep rates from 2.2 mV/nm·s to

9.8 mV/nm·s.


