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ABSTRACT: In the twisted trilayer graphene (tTLG) platform, the rich beating patterns between the three graphene layers
give rise to a plethora of new length scales and reconstructed electronic bands arising from the emergent moiré and moiré-
of-moiré superlattices. The co-existing lattices and superlattices interact and compete with each other to determine the
overall transport properties of tTLG, the hierarchy of which can be electrostatically controlled by tuning the out-of-plane
charge distribution or layer polarization. In this work, we measure the stability diagram of layer-polarized quantum Hall
states in tTLG by systematically mapping out layer-specific Chern numbers in each layer, and intra- and interlayer Chern
transitions as a function of displacement field D and total carrier density n. In contrast to twisted bilayer systems, the rich
interplay between the three atomic layers gives rise to a complex layer-polarized stability diagram with unconventional
transport features that evolve rapidly with electric and magnetic fields. The stability diagram quantitatively characterizes
the interlayer screening and charge distribution in tTLG with implication of strong inter-atomic-layer Coulomb coupling.
Our work provides comprehensive guidance and insights into predicting and controlling layer-polarization and interlayer
transitions in tTLG, and for tuning the individual role and interactions of each participating constituent towards novel mate-

rial properties.

When two pieces of 2D materials are transferred on top
of each other with a twist angle, the beating pattern of the
two misaligned lattices gives rise to a new lattice periodici-
ty known as moiré superlattice. The reconstructed elec-
tronic band can be versatilely tuned by material choices
and twist angles combinations, and flat-bands promoting
electron correlations have been shown to give rise to a
plethora of emergent quantum phenomena such as moiré
superconductivity,'? ferromagnetism,? correlated insulator
states*¢ and quantum anomalous Hall effect’-!! in various
twisted bilayer systems consisting of homo- or hetero-
twisted-interfaces of graphene and transition metal dichal-
cogenides.1-14

The twisted trilayer graphene (tTLG) system has recent-
ly attracted great research interest as a new designer ma-
terial platform.'5-20 The rich interplay between the two co-
existing moiré superlattices can lead to distinct atomic
landscapes and emergent quantum phenomena depending
on the twist angle combination. When two twist angles are
alternative and equal, the two moiré superlattices are spa-

tially aligned!51¢ to form a single atomically-reinforced
moiré superlattice that is more homogenous, promoting
enhanced electron correlation and more robust supercon-
ductivity with a higher critical temperature.?! When the
two twist angles are different, the atomic reconstruction
between the two moiré superlattices gives rise to a higher
order superlattice with a plethora of new length scales
including quasi-crystalline lattice!® and moiré-of-moiré
(MoM) superlattice, with emergent new quantum phe-
nomena including inter-moiré Hofstadter butterfly,??
anomalous quantum Hall (QH) effect,?3 correlated insula-
tor states and signatures of superconductivity at extremely
low carrier density (~ 101 cm-2).17

The hierarchy of each constituting graphene lattice and
moiré superlattice can be manipulated with an out-of-
plane displacement field D, which selectively pro-
motes/suppresses each constituting layer in interaction
and competition, and thus determines the overall
transport behavior. A comprehensive map of charge distri-
bution across each graphene layer in tTLG as a function of
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Figure 1. Gate-tunable layer coupling in tTLG. (a) Schematic architecture and measurement configuration of the-dual gated
tTLG stack with each monolayer graphene (MLG) layer highlighted by a color (purple: top; green: middle; yellow: bottom). The
graphite top (silicon back) gate is at applied voltage Vrc(Vsa). (b) Optical image of the tTLG device used for four-probe electrical
transport measurements. The metal contacts to tTLG are labeled with numbers. (c) Four-probe longitudinal resistance Rxx as a
function of the electric field from the back (Esc) and top gate (Etc) at B = 0 T. The single resistance peak corresponds to the
charge neutrality point at n = 0 cm2. (d) Same as (c) but at B = 7 T. Additional resistance peaks are SdH maxima due to layer-
polarized QH states. At n # 0 cm2, the resistance peaks position as a function of Egg, Etc characterizes the strength of capacitive
coupling between the gates and the respective layer hosting the QH states.

typical experimental parameters (such as top versus bot-
tom gate, or n versus D) would shed important insight in
unraveling the microscopic physics mechanism of emer-
gent tTLG quantum phenomena and provide experimental
guidance in versatilely tuning and designing the tTLG ma-
terial properties.

A state-of-the-art electric-only Si/SiGe qubit employs a
triple quantum dot (tQD) device architecture, where lat-
eral regions (dots) of confined electrons are tunnel-
coupled to each other. A charge stability diagram of tQD?*-
27 maps out the charge occupation in each dot as a function
of local gate voltages, as well as identifying each intra- and
inter-dot charge transitions. Such comprehensive control
allows versatile initialization and manipulation of single or
two electron states for charge and spin qubit. Similarly, to
allow informed systematic electrostatic tuning of the tTLG
platform, and to identify and control the role of each un-
derlying microscopic constituents, we study layer-
polarized QH states in a twisted trilayer graphene device.
We investigate the QH stability diagram of tTLG by map-
ping out the Chern number in each layer as a function of
local gate voltages, as well as identifying each intra- and
interlayer Chern transitions.

RESULTS AND DISCUSSION

Layer Capacitive Coupling in Twisted Trilayer Gra-
phene. Three pieces of graphene (top/middle/bottom
graphene are marked by purple/green/yellow) are stacked

on top of each other with consecutive twist angles (Fig. 1a)
of ~2° which is subsequently dry etched into Hall bar ge-
ometry (see METHODS) with standard 1D edge contacts
(Fig. 1b). Similar to a tQD, the twist angle is chosen to be
around ~2° so that each layer in tTLG is tunnel-coupled
instead of strongly hybridized. The measured four-probe
resistance (Fig. 1c) at B = 0 exhibits high resistance states
only at charge neutrality n = 0, without band-insulator
states that are otherwise expected at n = 9x10'2 cm? (see
Supporting Information-3 for details) when two graphene
bands hybridize. Instead, the quantum Hall states?® be-
come layer-polarized beyond such carrier density and ex-
hibit complex new dependence on carrier density and dis-
placement field under high magnetic field, similar to that of
tunnel-coupled tQDs. Figure 1d shows measured longitu-
dinal resistance Rx as a function of the electric field from
the top (Vrc) and back (Vsc) gate voltage Erc = Vig/d: and
Esc = Vea/dvg at B = 7 T, where d;, dvg are distances from
tTLG to the top, back gate respectively. At high carrier den-
sity, three sets of layer-polarized Shubnikov-de Haas (SdH)
oscillations peaks are clearly visible, each with a distinct
slope (of Etc versus Egc) that quantitatively characterizes
the gate capacitive coupling ratio of the corresponding
graphene layer. The sets of SdH lines with intermediate
slope of |AET1e/AEBc| =1 have an equal capacitive coupling
of the top and bottom layers, consistent with QH states
belonging to the middle graphene layer, whose couplings
to the top and bottom gates are equally screened by the



top and bottom graphene. The set of the SdH lines with a
slanted slope (see Supporting Information-5 for details on
determining the slope) of |AEtc/AEsc| <1 (>1) has a capaci-
tive coupling ratio (see Supporting Information-5 for de-
tails) of |C'rc /C'c| = 16 (=2.2), consistent with QH states
belonging to the top (bottom) graphene layer that has a
stronger and unscreened coupling to the top (back) gate,
and a weaker and screened coupling to the back (top) gate
due to the presence of the middle and bottom (top) gra-
phene layer. From the slopes of these slanted SdH peaks,
the effective electric field after screening from two consec-
utive adjacent graphene layers in electric field is reduced
to ~33% (~43%) of its original unscreened value. The
slight difference in screening strength by the bottom (top)
graphene layers can be attributed to realistic variation in
atomic landscape and electronic reconstruction at the bot-
tom (top) moiré interface.

Stability Diagram of Balanced Layer-Polarized
Quantum Hall States. Figure 2a shows the measured four-
probe longitudinal resistance Rx as a function of charge
carrier density n = (CrcVrc + CscVpc)/e + no and displace-
ment field (positive direction defined as bottom to top) D =
(=CrcVr6 + CBaVBa)/2 + Do, where Crq, Cse are the top, back
gate geometric capacitances; no, Do are finite offsets (see
Supporting Information-1 for details). Figure 2b shows a
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zoomed-in measurement of Rx as function of n and D, with
its Chern number configuration and intra- and interlayer
QH transitions marked by the stability diagram (Figure 2c)
of layer-polarized QH states. For the ease of the discussion,
the same carrier density span of Figures 2b, c is also con-
verted to the overall Landau level (LL) filling factors v =
nh/(eB) on Fig. 2b top axis, in which n is the corresponding
carrier density, €o is the vacuum permittivity, h is Planck’s
constant, and e is the elementary charge. In our device, the
LLs in each graphene layer have a standard fourfold de-
generacy, with layer-specific Chern number (number of
filled N-type Landau levels in each layer) labeled (three
consecutive integers in convention of Nrt|Nm|Ns for the
top/middle/bottom layer) in each Landau gap(Fig. 2d-m),
and total Chern number Nit = Nt + Nm + Ng is labeled on
the Fig. 2c bottom axis.

To understand the stability diagram and how charge
carriers are added and distributed across each individual
layer as a function of n and D, the layer specific LLs are
illustrated in Figures 2d-m for typical interlayer transi-
tions (blue shape) and triple-points (red shape) in Figs. 2b,
c. For the ease of discussion, we are using a simplified pic-
ture where the Landau level broadening is neglected (see
Supporting Information-6 for details), so that we can in-
troduce the core qualitative features of the stability dia-
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Figure 2. Stability diagram of balanced tTLG quantum Hall states. (a) Longitudinal resistance, Rx, at changing top (Vrc) and
back gate (Vsc) voltages controlling D and n. (b) Rx in the highlighted D-n area from (a). (c) Stability diagram of the layer-
polarized quantum Hall states with the Chern numbers Nt|Nm|Ns of the filled fourfold degenerate Landau levels in the
top|middle|bottom graphene, and the total LL Chern number Niwt. The lines highlight transitions between different layer-
polarized QH states involving (dashed) and without changing (solid) Nt (d)-(m) Energy diagrams of LLs alignment in each
layer (with the color matching the layers in Fig. 1a) with respect to the Fermi energy, EF, at certain QH transitions as marked in
(b) and (c). Each layer-specific Landau gap is labeled with the corresponding layer Chern number. (n), (o) Hall resistance, Ryy,
as a function of D and n in the same range as in (a), (b). (p)-(s) Ry linecuts from (o) labeled by the Roman numerals. Ry, exhibits
a plateau for each layer-polarized QH state with a height (highlighted by the dashed lines) consistent with the total LL filling v.
At interlayer transitions, Ry behaves non-monotonically possibly due to strong Coulomb coupling and/or Coulomb drag be-

tween layers with partially filled LLs.



gram, and leave the discussion on the microscopic details
of the extended states versus localized states in disorder-
broadened LLs to later part of the manuscript when their
consequence on transport becomes more relevant. In this
simple picture, increasing n will uniformly move the Lan-
dau levels in the top/middle/bottom graphene (marked by
the purple/green/yellow lines in Figs. 2d-m), by uniformly
increasing the carrier density in each layer. Increasing D
will increase (decrease) carrier density in the bottom (top)
graphene layer while keeping the overall carrier density
constant, and thus moving the LLs in the bottom (top) lay-
er down (up) with respect to the Fermi energy.

We first examine a typical configuration at the center
of the 3|2|3| domain, the measured Rx is zero due to only
ballistic edge states conducting in each layer. In the simpli-
fied picture, the Fermi level lies in the middle of the Nt=Ns
= 3 Landau gaps (referred as Ar, Ag) in both the top and
bottom layer, and lies in the Nm = 2 Landau gap (defined as
Awm) of the middle layer, Am/8 below the 34 LL and 7Awm /8
above the 2m LL (grey square, Fig. 2d). More accurately,
this corresponds to the exact integer filling of Nr=Ng = 3 in
the top and bottom layer, and filling the 3™ LL in the mid-
dle layer by a 3/8 of its density of states (nearly half-filled).
Increasing D to lower the LLs in the bottom layer and rais-
ing the LLs in the top layer by an equal amount of Ar/2 =
Ag/2(while keeping the LLs in the middle layer intact) will
bring the system to a local high resistance peak corre-
sponding to an interlayer Chern transition (blue star) be-
tween the 2|2|4 and 3|2|3 Chern number configurations
(hereby denoted as 2|2|4 < 3|2|3 transition), where cor-
responding LLs in both top and bottom layers are half-
filled (Fig. 2e) and aligned with the Fermi energy, resulting
in dissipative bulk conduction, and mark the horizontal
(parallel to the n axis) boundary between the two QH do-
mains in the stability diagram. Similarly, decreasing D to
raise the LLs in the bottom layer and lower the LLs in the
top layer by an equal amount of half filling will bring the
system to the interlayer Chern transition of 4|2|2 < 3|2|3
at the horizontal boundary between their QH domains (Fig.
2f, blue pentagon).

Starting from the center of 3|2|3, increasing n while
keeping D = 0 will move the LLs in all three layers down in
energy (with respect to Er) by an equal amount. Being
closer in energy to the next unfilled LL in the middle layer,
the Fermi level first aligns to the 3™ LL in the center layer
(half-filled) while still being in the Nt = N = 3 Landau gaps
of the top and the bottom layer (Figure 2g), at the bounda-
ry between the 3|2|3 and 3|3|3 Chern number configura-
tions. The measured Rx is surprisingly zero (blue hollow
triangle in Fig. 2b) at this intralayer Chern transition,
which may be attributed to only the middle layer becoming
dissipative while the other two layers are ballistic, in con-
trast to two dissipative layers at the interlayer Chern num-
ber transitions. The common corner of the vertical in-
tralayer Chern transition of 3|2|3 < 3|3|3 and the hori-
zontal interlayer Chern transition of 2|2|4 < 3|2|3 marks
the triple point (red circle, Fig 2h) where all three layers
have the LLs half-filled and dissipative, leading to a local
maximum of measured Rxx.

The Nwt = 8 domains are rectangular, similar to the
that observed in decoupled twisted bilayers.2%-3° In con-

trast, the 3|3|3 domain has a triangular shape unique to
tTLG. In addition to the vertical boundary from the in-
tralayer transition, the other two boundaries correspond
to interlayer Chern transitions of 3|2|4 < 3|3|3 and 4|2|3
< 3]3|3 (blue triangle and circle, Figs. 2j, k) between adja-
cent graphene layers. As a function of n versus D, the carri-
er density of the top and bottom layer can be tuned by in-
creasing n (new charges added to all three layers of the
tTLG system) and by increasing D (redistributing charges
from the top layer to the bottom layer), while carrier den-
sity in the center layer is independent of D and can only be
tuned by the overall carrier density n. As a result of this
difference, the interlayer transitions between adjacent
layers are slanted, while the interlayer transitions involv-
ing the top and bottom layer are still horizontal. Along the
boundary of the 3|2|4 < 3|3|3 transition, as n increases,
the D field needed to keep the LLs in both middle and bot-
tom layers aligned with Er (half-filled) decreases, thus the
negative slope. Same for the positive slope along 4|2|3 <
3]3|3 interlayer transition.

Further increasing n to Nwt = 10, the domain shape
will become rectangular again, whose boundary is marked
by the intralayer transition of 3|2|4 < 3|3|4 and 4|2|3 &
4|3|3 (hollow blue circle and square, Fig. 21, m) and inter-
layer transition of 3|3|4 < 4|3|3 between the top and
bottom layers, consistent with previous observations on
different types of intra and interlayer transitions.

Figure 2n shows the measured four-probe transverse
resistance Ry as a function of n and D, with the same scan
range as in Figure 2a. Figure 20 shows a zoomed-in meas-
urement of Ry, with the same scan range of Figure 2b and
thus also marked by Figure 2c. A 1D cut (Figure 2p, along
the dashed line I in Fig. 20) crossing multiple quantized
conductance plateau confirms the expected filling factors.
The Ry as a function of D (Fig. 2q) across the three Nt = 8
domains (along the interpolated dashed line II in Fig. 20)
shows each domain having conductance quantized at the
expected value of G = 4(3/2+ Nwte?/h) = 38e?/h, confirming
the total Chern number of Niwt = 8. The Hall resistance at
the interlayer Chern transitions located at the domain
boundaries are measured to be smaller than 1/(38e2/h).
Similar Ry, behavior is observed for the Nw: = 10 domains
(Fig. 2s, along the interpolated dashed line 1V in Fig. 20),
but with Ry all the way reaching zero at the 3|3|4 < 4|3|3
interlayer transition. This unusual behavior is not expected
from the individual contributions from each decoupled
layer to the overall Ryy. The suppression of Ry is observed
only at the interlayer transition between the top and bot-
tom layers, and not for interlayer transitions between ad-
jacent layers (Fig. 2r, along the interpolated dashed line III
in Fig. 20). This suggests the underlying mechanism for
this exotic behavior may be associated with a strong Cou-
lomb coupling and drag between the top and bottom layers
with partially filled LLs and Ry = 0 implying possible
emergence of exciton condensates. Future Coulomb drag
experiments with individual contacts to the top and bot-
tom layers are needed to assertively confirm the exact
mechanism and investigate its dependence on n and D.

Due to the system’s mirror symmetry against the cen-
ter layer, domains centered around the D = 0 axis have an
equal top and bottom Chern number. At the center of these



domains, the top and bottom layers are exactly integer-
filled, corresponding to Er in the center of the LL gap.
However, depending on the magnetic field B, filling for
middle layer LLs at the domain center can be arbitrary,
leading to distinct features of the resulting stability dia-
gram.

General Stability Diagram. Figure 3a shows the meas-
ured four-probe longitudinal resistance R at B =5 T, with
Figure 3b showing a zoomed-in scan and the correspond-
ing stability diagram (Figure 3c, with zooming in around
5|4|5 shown in Figure 3g). At the center of the 5|3|5 do-
main (grey square, Figure 3d), the Fermi level lies in the
middle of the Nt=Ng =5 Landau gaps (Ar = As) in both the
top and bottom layers, similar to the previous stability
diagram. In contrast, the Nv = 4 LL is now 1/8 filled instead
of 3/8 filled, corresponding to the Fermi level 3Am /8 be-
low the 4% LL and 5Am/8 above the 3 LL in the middle
layer.

As a result, at the center of the 5|3|5 domain, the 4t LL
in the center layer is only slightly closer (by 1/8 of the cor-
responding gap) to the Fermi level than the 6% LLs in top
and bottom layer. Increasing carrier density n at D = 0 will
bring the Nw = 4 LL in the middle layer to the Fermi level
(blue triangle, Figure 3h), corresponding to the 5|3|5 <
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5|4|5 intra-middle-layer transition, similar to the previous
stability diagram.

In contrast to the previous stability diagram where the
LL in the middle layer is significantly closer to Er, the
smaller advantage of middle layer here can be easily over-
taken by the top (bottom) layer with a negative (positive)
D field, that brings the next unfilled LL in the top (bottom)
layer closer to Er than that in center layer, marked by a
grey pentagon (star) and depicted by Figure 3e(f). Increas-
ing the carrier density from here at negative (positive) D
field will therefore bring the LL in the top (bottom) layer to
Er first, corresponding to the intralayer transition 5|3|5<
6|3]5 (5|3|5< 5]|3|6) of the top (bottom) layer instead.

The size of the triangular domain 5|4|5 is proportional
to the D span of the 5|3|5< 5|4|5 intra-middle-layer tran-
sition, which is now significantly reduced compared to the
previous stability diagram (Fig. 2). With finite broadening
(see Supporting Information-6 for details) of the local high
Rxx resistance peaks from the top and bottom intralayer
transitions, non-zero R« resistances are observed at the
entire span of the triangular 5|4|5 domain. Similar (and
smaller) triangular domains can also be found along Nt =

12.5 and Nt = 15.5.
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Figure 3. General stability diagram of tTLG quantum Hall states. (a) R« as a function D and n tuned by the top (Vrc) and back
gate (Vc) voltages. (b) Zoomed-in scan of the yellow area from (a) with resistance peaks corresponding to transitions between
different layer-polarized QH configurations where the top axis labels the total LL filling factor v. (c) General stability diagram of
layer-polarized quantum Hall states in the top|middle|bottom layer with the corresponding Chern numbers Nt|Num|Np where
the total Chern number is Niwt. The dashed (solid) lines trace transitions between layer-polarized QH states with (without)
changing Neot. (d)-(f) LLs alignment controlled by D at a constant n within the 5|3|5 layer-polarized QH state. The numbers la-
bel the layer Chern number of the Landau gap of the corresponding graphene. (g) A zoomed-in layer-polarized QH state stabil-
ity diagram from (c). The markers indicate the position of the selected QH transitions on the n-D map (b) and diagrams (c), (g).

(h)-(k) LL alignment at selected transitions between the Neot =

13 and Neot =

14 QH states. (1), (m) Rxyin the same range of D and

n as in (a), (b). (n)-(q) Interpolated Ry linecuts [indicated in (m) and labeled by the Roman numerals] showing the Ry dips at

interlayer transitions between layer-specific QH states.



Next to these smaller triangular domains, larger trape-
zoid domains (such as 5|3|6 and 6|3|5|) with the measured
zero Rx can be found, as expected from all three layers
entering ballistic QH edge transport. Further increasing
carrier density will trigger an intra-middle-layer transition
(i.e, 5|3]6 < 5|4|6) with Rw = 0, similar to the previous
case, together making a large combined R« = 0 region.

Figure 31 (Figure 3m) shows the measured four-
probe transverse resistance Ry as a function of n and D,
with the same scan range as figure 3a (Figure 3b). Figures
3n-q show a few signature interpolated 1D cuts along the
dashed lines I - IV labeled in Figure 3m, respectively. The
dips in Ry previously observed at the top-bottom interlay-
er transitions are now observed for the entire span of the
smaller triangle domains. At the boundary of the small
triangular domain 5|4|5, the finite broadening of the top-
middle transition 5|4|5 < 5|3|6 and 5|4|5 < 6]|3|5 into
the center of the 5|4|5 domain allows indirect top-bottom
transition of 5|3|6 < 5|4|5 < 6|3|5 within the 5|4|5 do-
main, consistent with Ry, dips possibly arising from strong
Coulomb drag between partially-filled top and bottom lay-
ers and emergence of exciton condensates. For the larger
trapezoid domains with R« = 0, their Ry is consistent with
the quantized conductance expected from the correspond-
ing Neot.

CONCLUSIONS

In conclusion, we report layer-polarized quantum Hall
states of a consecutively twisted tTLG device, and map out
the QH stability diagram of tTLG, systematically identifying
layer-specific Chern numbers, triple points, intra- and in-
terlayer Chern transitions as a function of local gate volt-
ages, carrier density and displacement field. We show that
the interplay between QH states in the tTLG QH stability
diagram is significantly more diverse in mechanism and
richer in transport behaviors, compared to that of the pre-
viously studied bilayer systems. The stability diagram sys-
tematically characterizes interlayer screening, layer-
polarization and interlayer carrier redistribution, provid-
ing quantitative experimental guidance and reference for
electrostatically tuning of the tTLG platform. We show that
the shape of the stability diagram, as well as its transport
signatures, can be sensitively tuned by changing relative
LL alignment across the three layers. When the top and
bottom layers both have partially filled LLs at the direct
interlayer transition (line-shaped) or indirect interlayer
transition (triangular-shaped), we report unusual
transport signatures of Ry = 0, that can potentially be at-
tributed to emergence of exciton condensates due to
strong interlayer Coulomb coupling. This work paves a
path towards future study of layer-polarized electronics
states in tTLG, and how the rich interactions and recon-
structions between them can lead novel correlated and
exotic quantum phenomena.

METHODS

The twisted trilayer graphene (tTLG) stack was made by
utilizing the “cut and stack” method.#® A suitable monolay-
er graphene (MLG) was first characterized using optical
microscopy. The MLG flake was then cut with the cantile-
ver of an atomic force microscope (AFM, from Park Sys-
tems: model XE7) into three separate pieces. To make a
tTLG stack, a poly (bisphenol A carbonate) (PC) and poly-

dimethylsiloxane (PDMS) stamp attached to a glass slide
was used to pick up a top hexagonal boron nitride (hBN)
flake.*! After that, a few-layer graphite flake (working as a
top gate) was picked up followed by a middle hBN to elec-
trically and physically isolate the top gate. The three precut
MLG flakes were then sequentially picked up. After each
pick up of a precut MLG piece, the rotation stage with the
remaining graphene was consecutively twisted by ~ 2°.
Following this, a bottom hBN flake was picked up to en-
capsulate the tTLG. The assembled stack was released onto
a Si02(285 nm)/Si substrate at 180°C. Upon cooling down
to room temperature, the substrate with the stack was
successively rinsed in chloroform, acetone and isopropanol
to clean the remains of PC. Next, by using the AFM, bubble-
free areas of tTLG were identified to ensure the absence of
strain and/or defects that could potentially reduce the
device quality and compromise electrical transport. Then,
Ohmic edge contacts*? to graphene were fabricated via
electron-beam lithography followed by reactive-ion etch-
ing and electron-beam evaporation of metal (Cr/Pd/Au,
with thicknesses of 1 nm /5 nm/>180 nm). Finally, the
tTLG region was shaped into a multiterminal device (Fig.
1b) during an additional round of electron-beam lithogra-
phy and subsequent reactive-ion etching.

The electrical and magneto-transport data was taken
while the device was measured in a four-probe configura-
tion under a 10 nA current bias (with an AC frequency of
17.777 Hz) inside a Bluefors LD250 cryostat at a tempera-
ture of T = 20 mK. In all regions of the device, contact 1
was used as a source of the driven current, and contacts 6
were used as a drain. The longitudinal, Rx, (transverse, Rxy)
resistances discussed in the main manuscript are found
from the voltage measured between contact 9 and contact
8 (contact 9 and contact 3) shown in Figure 1b. To drive
the current and measure voltages between different con-
tacts, lock-in amplifiers (Stanford Research Systems: mod-
el GS200) were used. The graphite top gate and Si back
gate voltages were controlled by two DC voltage sources
(Yokogawa: Model GS200 and Keithley Instruments: Model
2400 respectively).

The studied device has a shape (Fig. 1b) distinct from a
perfect Hall bar geometry, thus the measured resistance
under applied magnetic field is always a linear combina-
tion of longitudinal (along the driven current) and Hall
resistance. To account for this, the longitudinal resistance
[symmetric as R«(B)] is extracted from the measured re-
sistance between two given contacts Rmeasured(B)] according
RXX(B) = [Rmeasured(B) + Rmeasured(—B)]/Z. Slmllarly, the anti-
symmetric, as a function of magnetic field, transverse Hall
resistance is found Rxy(B) = [Rmeasured(B) — Rmeasured(-B)]/2,
where B = 0.
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