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The emergence of controlled, two-dimensional moiré mate-
rials1–6 has uncovered a new platform for investigating topo-
logical physics7–9. Twisted double bilayer graphene has been 
predicted to host a topologically non-trivial gapped phase 
with Chern number equal to two at charge neutrality, when 
half the flat bands are filled8,9. However, it can be difficult 
to diagnose topological states using a single measurement 
because it is ideal to probe the bulk and edge properties at the 
same time. Here we report a combination of chemical poten-
tial measurements, transport measurements and theoretical 
calculations that show that twisted double bilayer graphene 
can host metallic edge transport in addition to simultaneously 
being insulating in the bulk. A Landauer–Büttiker analysis of 
the measurements on multi-terminal samples allows us to 
quantitatively assess the edge-state scattering. We interpret 
these results as signatures of the predicted topological phase 
at charge neutrality, but further characterization of the edge 
transport is required to be certain.

The tunability of moiré materials1–6 by angle and carrier density 
powers the realization of novel topological phases7–9, such as cor-
related Chern insulators that break time-reversal symmetry10–16. 
A long moiré period justifies low-energy effective models that 
neglect17 weak scattering between the distant regions of momentum 
space known as valleys. The application of a transverse electric field 
causes bulk twisted double bilayer graphene (TDBG) to open a gap 
at charge neutrality to a topological state analogous to the quantum 
spin Hall state characterized by a non-zero valley Chern number 
CV = 2 (refs. 8,9), indicating two pairs of counter-propagating edge 
states per spin. However, the disruption of the moiré pattern on the 
edge is expected to break the valley symmetry, leaving the states sus-
ceptible to scattering and their fate uncertain.

A simultaneous investigation of the bulk and edge properties is 
necessary to reveal the band topology of an electronic system. We 
employ a sample design (Fig. 1a) that allows simultaneous electron 
transport and chemical potential measurements. Our samples con-
sist of a double layer where one layer is a controlled moiré material 
(TDBG), with a twist angle (θ) ranging within 0.97−1.60°. The sec-
ond layer is a graphene back gate (GrBG), consisting of monolayer 
or bilayer graphene with terminals for resistance measurements. 
The TDBG and GrBG layers are separated by a hexagonal boron 
nitride (hBN) dielectric. The GrBG acts not only as the back gate 
but also as a Kelvin probe for measuring the chemical potential of 
TDBG18,19. The double layer is encapsulated in hBN, with an added 
graphite top gate and placed on a SiO2/Si substrate that serves as 

an additional gate. This sample architecture allows access to the 
chemical potential of the TDBG in a wide range of carrier densi-
ties (n) and transverse electric fields (E). Similar double layers have 
been used to probe chemical potentials and thermodynamic gaps in 
bilayer graphene19, and twisted bilayer graphene14, although without 
control of the transverse electric field. An optical micrograph of the 
sample is illustrated in Fig. 1b.

The longitudinal resistance (Rxx) of the TDBG is measured as 
a function of the top-gate bias (VTG) and graphene back-gate bias 
(VBG) to determine the twist angle, as well as to characterize the 
sample quality. The VTG and VBG values independently tune n and 
E according to the following relations: n = (CTGVTG + CBGVBG)/e 
and E = (CTGVTG − CBGVBG)/2ϵ0, where e is the electron charge; ϵ0 is 
the vacuum permittivity; and CTG and CBG are the capacitances per 
unit area of the top and back gate, respectively. The values of CTG 
and CBG can be first determined from the dielectric thickness, and 
confirmed with magnetotransport measurements (Supplementary 
Section A). Figure 1c shows the contour plot of Rxx as a function of n 
and E, which exhibits resistance maxima at densities commensurate 
with ns = 2.2 × 1012 cm−2 associated with filling of one moiré band 
with four-fold spin–valley degeneracy. The resistance maxima are 
observed at n = 0, ±ns and ±3ns, consistent with single-particle band 
structure calculations, as well as correlated insulators at n = ±ns/2 
(refs. 3–6). The Rxx maxima at n = ± 2ns are a surprise because no 
gap between the second and third moiré bands is predicted in the 
single-particle band structure calculations. We tentatively attribute 
the Rxx maxima at n = ±2ns to a gap opening driven by electron–
electron interactions. The twist angle (θ) can be extracted using 
the equation ns = 8

√

3

(

2a−1 sin(θ/2)
)2, where a = 2.46 Å is the lat-

tice constant of graphene. Figure 1d shows a line cut of Rxx versus n 
measured along the dashed line in Fig. 1c. Sharp Rxx peaks at integer 
n/ns = 0, ±1, −2 and +3, as well as fractional n/ns = +1/2, further 
illustrate the observations in Fig. 1c, highlighting the high quality 
of the TDBG sample.

We primarily focus on the TDBG properties at charge neutral-
ity where one of the two flat bands per valley per spin is filled. The 
bulk topology20 can be determined from the Bistritzer–MacDonald 
Hamiltonian17. Figure 1e shows how the twisting of the two gra-
phene Brillouin zones forms the moiré Brillouin zone for the K val-
ley. In Fig. 1f, we show the calculated band structure at an applied 
interlayer potential V = 15 meV using the parameters in ref. 20, and 
highlight the highest valence band at charge neutrality, labelled as 
−1. This band carries a Chern number of +2; because all the lower 
bands carry a zero Chern number, the total Chern number of the 
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occupied bands is CK = 2. The K′ valley is related to K by time rever-
sal and must have an opposite Chern number. Therefore, the phase is 
characterized by the valley Chern number CV = (CK − CK′)/2 = 2 
at charge neutrality.

By tuning the GrBG doping (nBG) with a substrate bias (Vs), 
we are able to directly probe the TDBG chemical potential (μ) as 
a function of both n and E. An analysis of the band alignment in 
the heterostructure (Supplementary Section B) shows that when the 
GrBG is charge neutral (nBG = 0), the TDBG chemical potential sat-
isfies the following relation:

μ = eVBG

(

1+ Cs
CBG

)

− eVs
Cs
CBG

, (1)

where Cs is the capacitance per unit area between the substrate 
and GrBG. To determine the charge neutrality gap at different E 
fields, we utilize equation (1) and the data in Fig. 2a (Fig. 2a shows 
a contour plot of Rxx versus VTG and VBG for a TDBG sample with 
θ = 0.97°). Along the black dashed diagonal, the TDBG carrier den-
sity is n = 0, whereas the E field varies. By mapping the longitudinal 
resistance of the GrBG (RBG) versus VTG and VBG and tracking the 
charge neutrality of GrBG, μ can be extracted according to equation 
(1). Figure 2b–d shows three contour plots of RBG versus VTG and VBG 
in the vicinity of nBG = 0, measured at different Vs values. The corre-
sponding VTG and VBG ranges used in Fig. 2b–d are marked by rect-
angles in Fig. 2a. By changing the Vs value at which the RBG versus 

VTG and VBG data are acquired, the E-field value at the intersection 
point of the n = 0 and nBG = 0 lines can be tuned accordingly. Indeed, 
the charge neutrality gaps of TDBG are measured at three E values, 
namely, 0.15 V nm–1 (Fig. 2b), 0.37 V nm–1 (Fig. 2c), and 0.29 V nm–1  
(Fig. 2d). The black dashed lines in Fig. 2b–d illustrate the evolution 
of the charge neutrality of GrBG with VTG and VBG, which can be 
readily converted into a μ versus n dependence using equation (1). 
The clear step in the charge-neutrality line of GrBG observed as it 
crosses the n = 0 line of TDBG shown in Fig. 2c,d reveals a thermo-
dynamic gap at the charge neutrality of TDBG. In contrast to the 
data in Fig. 2c,d, in Fig. 2b, the nBG = 0 line is flat at n = 0, indicating 
the absence of a gap at a low E field. Due to our emphasis on the 
charge neutrality of TDBG in this work, we show RBG versus VTG and 
VBG only in the vicinity of the double neutrality, that is, n = nBG = 0, 
as shown in Fig. 2b,c. However, the μ values can also be probed away 
from n = 0. Indeed, Fig. 2d shows a contour plot of RBG versus VTG 
and VBG that captures a wider density range for TDBG, and displays 
features that indicate gaps at other moiré filling factors.

Figure 2e summarizes the μ versus n dependence near n = 0 at 
varied E values. The μ versus n step at n = 0 marks the opening of 
a gap (Δ0) that increases with the applied E field. The evolution of 
Δ0 versus E for two samples with θ = 0.97° and θ = 1.60° is shown in 
Fig. 3a. For comparison, the data in Fig. 3a include the gap at charge 
neutrality measured in Bernal-stacked bilayer graphene as a func-
tion of the E field19. In both samples, the Δ0 values exceed 100 K at 
large E fields, and are as high as 300 K in the θ = 0.97° TDBG.
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Fig. 1 | sample layout, electrical transport and band structure. a, Schematic of the TDBG sample structure, with a graphite top gate and monolayer 
or bilayer graphene back gate. The substrate is separated from the dual-gated TDBG by a dielectric layer. The top gate, back gate and substrate are 
individually biased. b, Optical micrograph of a TDBG sample. The active area, top gate and back gate are marked. c, Rxx versus n and E, measured in a TDBG 
sample with θ = 0.97° at T = 1.5 K. d, Rxx versus n measured along the dashed line in c. The top axis shows the moiré band filling factor n/ns in c and d. The 
data show Rxx maxima at integer and fractional filling factors. e, Schematic of the moiré Brillouin zone. Kθ/2 and K–θ/2 are the two bilayers Brillouin zone 
corners. f, Calculated moiré band structure of TDBG in the K valley for θ = 1.60° and V = 15 meV, along the line-cut shown in e. The charge neutrality gap 
(Δ0) is shown. The Chern number of the first valence band in the K valley is 2.
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Figure 3b shows the longitudinal resistivity (ρxx) versus E mea-
sured at n = 0 for three TDBG samples with θ values between 0.97° 
and 1.60°. The E-field range where Δ0 opens in the θ = 0.97° sample 
is highlighted. The ρxx values remain low in the E-field range where 
Δ0 is negligible, and show a sharp increase concomitant with the gap 
opening. Surprisingly, the ρxx values of TDBG then decrease with 
increasing E, and remain well within the expected range of a metal-
lic electron system (<h/e2, where h is the Planck’s constant) despite 
the gap opening for all three samples. We note that similar low Rxx 
values at n = 0 and at high E fields can be seen in previous stud-
ies21,22. Figure 3b also shows ρxx versus E at n = 0 for a Bernal-stacked 
bilayer graphene19. Although both TDBG and Bernal-stacked 
bilayer graphene have a E-field-dependent gap at neutrality, the 
ρxx versus E dependence of the Bernal-stacked bilayer graphene is 
markedly different, quickly reaching large values with increasing 
E, as expected for a prototypical band insulator. Figure 3c shows 
the ratio of the non-local resistance (RNL) to Rxx as a function of n 
and E measured in the 0.97° TDBG. The schematic of the measure-
ment configuration for RNL and Rxx is shown in Fig. 3c, inset. These 
data show a large RNL/Rxx ratio at charge neutrality and at high E 
fields when Δ0 opens, which signals a distinct change in the current 
pattern. It is noteworthy that both RNL and Rxx values remain well 
below h/e2 at charge neutrality, and the RNL/Rxx ratio remains small  

elsewhere (Fig. 3c, contour plot). The sharp increase in the RNL/Rxx 
ratio at charge neutrality combined with the low ρxx values when 
Δ0 opens suggests the presence of edge transport when the TDBG  
is gapped.

The presence of edge transport may not necessarily stem from 
the non-trivial bulk topology. Indeed, electrostatic edge states due 
to a finite sample width can emerge in small-bandgap semiconduc-
tors23. To further test the origin of edge transport in TDBG, it is 
important to examine a similar twisted system, but with a topo-
logically trivial gap. To this end, in Fig. 3b, we include ρxx versus E 
measured at n = 0 for a TDBG with θ = 181.10°, that is, twisted at a 
small angle with respect to 180°. The additional data measured in 
a TDBG with θ = 181.9° can be found in Supplementary Section C. 
TDBGs with θ ≈ 180° have a similar band structure as the TDBGs 
with θ ≈ 0°, and open a gap at n = 0 at finite E fields (Supplementary 
Section D). The magnetotransport properties of the 181.10° TDBG 
(Supplementary Fig. 2) reveal a rich Hofstadter butterfly compa-
rable to samples with θ ≈ 0° (Supplementary Fig. 1), indicating a 
similarly high-quality sample. However, owing to the C2y symmetry 
in TDBGs with θ ≈ 180°, the gap at neutrality is topologically trivial 
with CV = 0 (ref. 9). Figure 3d compares ρxx versus E at n = 0 at dif-
ferent temperatures measured in the 181.10° TDBG (Fig. 3d, left) 
with ρxx versus E at n = 0 for the three TDBGs twisted with respect 
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to 0° (Fig. 3d, right). The contrast between the two sets of samples 
is noteworthy—ρxx quickly reaches values much larger than h/e2, 
with an insulating temperature dependence in the 181.10° TDBG, 
whereas the TDBGs with θ ≈ 0° show ρxx lower than h/e2 when the 
gap opens at neutrality. The contrast between the 180° TDBG and 
0° TDBGs suggests non-trivial edge transport in the TDBGs with 
θ ≈ 0°, associated with the emergence of a topological valley Chern 
insulator.

To better describe the band structure and topology of the 
TDBG, we compute a single-particle phase diagram for TDBG20 
for θ = 0.8−1.8° and varying V, controlled by the applied E field. 
We extract the indirect gap at charge neutrality Δ0 from the band 
structure (Fig. 1f) and compute the Chern numbers of the occu-
pied bands. Figure 4a shows a contour plot of Δ0 versus θ and V, 
which reveals a gap closing and reopening (blue dashed line) for 
all the angles at small V. Beyond the gap closing, corresponding to 
larger E fields, we find a gapped topological phase with CV = 2. The 
results are consistent with the experimental data in our samples. 
Interestingly, the data in Fig. 4a predict a trivial insulator for θ > 1.1° 
with a gap of approximately 2 meV at E = 0, which may account for 

the decrease in ρxx at small E fields for the 1.60° TDBG (Fig. 3b), and 
also observed for TDBGs with θ = 1.55−1.90° (ref. 24).

Figure 4b,c shows the phase diagrams at n/ns = ±1, dominated 
by a gapless phase and a trivial insulator. However, at θ ≈ 0.9° and 
small E fields, a gapped state with CV = +1 (shaded area) appears for 
both n/ns = ±1. In this state, at n/ns = +1 in the K valley, the upper 
flat band has a Chern number of –1, which only partially cancels the 
Chern number of +2 carried by all the valence bands. Similarly, at 
n/ns = −1, the dispersive bands below the flat bands carry a Chern 
number of +1, and the lower flat band carrying a Chern number 
of +1 is unoccupied. It is noteworthy that in addition to the large 
RNL/Rxx observed at n = 0, the data in Fig. 3c show satellites of finite 
RNL/Rxx at n/ns = 1, a possible signature of the topological state at 
this filling factor. There is also an RNL/Rxx peak at n/ns = −1, but with 
a weaker non-local resistance, indicating some degree of particle–
hole symmetry breaking. This finding is consistent with the shaded 
region shown in Fig. 4c, which is interrupted by a metallic phase 
near θ = 0.97°.

To quantitatively probe the edge-state transport (Fig. 4d), we 
employ the Landauer–Büttiker formalism25–27. The 1.60° TDBG 
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has nine terminals, namely, i = 1,…, 9, which enables a variety of 
four-terminal resistance measurements relating the currents Ii and 
voltages Vi (Fig. 4e). The Landauer–Büttiker equation, normalized 
by 2CV to include spin degeneracy, can be expressed as

Ii = 2CV
e2
h

N
∑

j=1
(TjiVi − TijVj) . (2)

Here Tij is the transmission probability from j→i and N = 9 in our 
sample. Because of the disruption of the moiré pattern on the edge 
and the sample geometry, the transmission matrix T is not expected 
to take a simple form. We derive an exact inverse of the correspond-
ing resistance measurements to the entries of T, extending previ-
ous results for a four-terminal sample28 (Supplementary Section E). 
Using the matrix T(E), we then extract the order parameter

σ(E) = 2CVe2
18h

9
∑

i ̸=j
Tij(E), (3)

where the total edge conductance σ = 4e2/h when the edge states 
do not backscatter (Supplementary Section E.6). Figure 4f shows 

σ versus E and reveals a divergence in the order parameter at the 
topological phase transition at E = 0.33 V nm–1. For larger E in the 
topological phase, σ quickly decays into a constant finite value. 
To further illustrate the edge transport, Fig. 4f shows ∣∣ΔT(E)∣∣, 
the average deviation of T(E) from T(0.7 V nm–1) defined by the 
Frobenius norm (Supplementary Section E.6). A small value of 
∣∣ΔT(E)∣∣ means that T(E) is close to T(0.7 V nm–1) in every entry. 
Once the gap is open, we find that ∣∣ΔT(E)∣∣ ≈ 0, indicating that the 
whole matrix T(E) and the edge states described by it are indepen-
dent of E, suggestive of topological effects.

Lastly, we comment on the contrast with Bernal-stacked bilayer 
graphene, a material with a large Berry curvature at the corners 
of the Brillouin zone and theoretically expected to possess edge 
states for specific terminations29,30. In TDBG, we find the transverse 
localization length of the edge state ξ ≈ 100 nm, whereas ξ ≈ 1 nm 
in Bernal-stacked bilayer graphene (Supplementary Section F), 
making the edge states much more sensitive to edge disorder. This 
implies that the scattering of the edge states in TDBG is reduced 
owing to the long moiré period.

In summary, simultaneous thermodynamic and transport prop-
erties can provide unique insights into the effects of band topol-
ogy in moiré materials, particularly for states that do not break 
time-reversal symmetry. The data suggest the possible emergence 
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e, Examples of four-terminal resistance at charge neutrality (RCNP) versus E measured in a multi-terminal TDBG with θ = 1.60°. The four-digit notations 
(top) denote the measurement configurations in the form of (current in, current out, voltage+, voltage−). f, σ versus E calculated using 64 independent 
resistance measurements. σ(E) diverges when the gap closes, and has values of the order of e2 h−1 in the topological phase. For E < 0.33 V nm–1, σ shows a 
large variation, expected in a bulk conductor. The norm of ΔT(E) = T(E) − T(0.7 V nm–1) is close to zero in the gapped phase, indicating that all T(E) entries 
are insensitive to the applied E field.
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of a tunable topological insulator in TDBG as a consequence of the 
non-zero valley Chern numbers of the moiré bands. However fur-
ther characterization of the edge transport is required to establish 
the role of band topology.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
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author contributions and competing interests; and statements of 
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Methods
Sample fabrication. All the graphene, graphite and hBN flakes used to fabricate 
our samples are mechanically exfoliated and inspected by optical microscopy. The 
hBN flakes are subsequently inspected with atomic force microscopy to confirm 
their thickness and surface roughness. Optical contrast and Raman spectroscopy 
are used to confirm the number of layers for monolayer and bilayer graphene. The 
TDBG samples are assembled by sequential pick-up steps utilizing a hemispherical 
polypropylene carbonate/polydimethylsiloxane handle. The back-gate structure is 
first prepared by picking up a monolayer or bilayer graphene with hBN, followed 
by a set of pre-trimmed graphite contacts. The stacked structure is then placed on 
a SiO2/Si substrate, or a prepared hBN/graphite stack, in the case of samples with 
the graphite substrate gate, to form the bottom structure of the sample. Starting 
with another large bilayer graphene flake trimmed into two separate sections by 
lithography and O2 plasma etching, another hBN is used to sequentially pick up 
the two sections—with the rotation of a small, controlled angle between the two 
pick ups—to form the TDBG. The TDBG is then placed on the bottom structure, 
and a graphite top gate is placed on the TDBG. The structure is then trimmed into 
a Hall-bar-shaped channel using CHF3 and O2 plasma etching, which also creates 
exposed one-dimensional edges of the TDBG and graphite contacts to the back 
gate. Metal (Cr/Pd/Au) edge contacts are evaporated to finalize the sample.

Measurement setup. The samples are measured in a variable-temperature liquid 
4He cryostat with a base temperature of 1.5 K. Three- and four-point resistance 
measurements with low-frequency (7–13 Hz) lock-in techniques are performed on 
the TDBG and GrBG layers. The source currents of different frequencies are used 
on the TDBG and GrBG layers to avoid crosstalk. A radio-frequency transformer is 
used to flow an a.c. current in the GrBG layer while applying a d.c. bias VBG.

Data availability
Source data for Figs. 1–4 are provided with this paper. Data that support the 
findings of this study are available from the corresponding author upon reasonable 
request.

code availability
A sample Mathematica code for performing the Landauer–Büttiker inversion 
is implemented for public use at https://doi.org/10.5281/zenodo.5539921. Any 
software package that can perform a singular-value decomposition is also suitable.
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