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Negative Coulomb drag between graphene quantum Hall edges
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Abstract: Coulomb drag refers to the phenomenon in which a current driven through one
conducting layer induces a voltage nearby, electrically isolated layer sorely through interlayer
Coulomb interactions between charge carriers. It has been extensively studied in various sys-
tems, including parallel nanowires, double quantum wells, and double-layer graphene. Here,
we report the observation of Coulomb drag in a novel system consisting of two graphene layers
separated laterally by a 30 nm gap within the material plane, exhibiting behavior distinct from
that in vertical graphene heterostructures. Our experiments reveal pronounced negative drag
resistances under an out-of-plane magnetic field at the quantum Hall edges, reaching a maxi-
mum when the carrier densities in both graphene layers are tuned to the charge neutrality point
via gate voltages. Our work establish two separate and spatially closed quantum Hall edge

modes as a new platform to explore electronic interaction physics between one dimensional

systems.
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|[I. Emergence of drag signald 2 1. INTRODUCTION
I[H. Drag signals in quantum Hall regimd 4
Coulomb interactions are fundamental to a wide
LV. Negative lateral Coulomb drag mechanisnj 5 range of emergent phenomena in condensed matter sys-
[V. Temperature and current dependence of the drag signal 6 tems, particularly in low-dimensional materials, where
- - reduced dimensionality enhances the relative strength
8
of interactions between charge carriers. Coulomb drag
CH. Methoda 9 .
measurements serve as an effective means to probe
A. Sample Preparatiod 9
 Transport measurement 9 such interactions, as a current driven in one conduc-
C. SEM imaging 10 tor induces a voltage response in a nearby, electri-
10 cally isolated conductor through interlayer Coulomb
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coupling. This effect offers direct insights into the
nature of carrier correlations in low-dimensional sys-
tems™. In the presence of a strong perpendicular
magnetic field, two-dimensional (2D) electron systems

enter the quantum Hall regime, where current is car-


mailto:yugeliang@nju.edu.cn
mailto:leiwang@nju.edu.cn

2 SONG Junwei et al.: Negative Coulomb drag between graphene quantum Hall edges

ried by one-dimensional (1D) chiral edge channels while
the bulk becomes insulating. These quantum Hall edge
states provide an ideal platform to investigate nontriv-
ial Coulomb interactions, as Coulomb coupling between
spatially separated, closely spaced edges can give rise
to momentum and energy transfer without direct tun-
neling.

Much of the existing work on Coulomb drag
focuses on 2D systems, such as graphene &9 and semi-
conductor quantum well structures %1 These stud-
ies reveal a variety of intriguing behaviors, includ-
ing exciton condensation under strong magnetic fields
Such

observations indicate the presence of strong interlayer

and asymmetric, non-reciprocal drag signals.

interactions and highlight the potential for explor-
ing correlated electron states in low-dimensional drag
systems. In contrast, Coulomb drag in 1D systems
has been investigated in parallel quantum wires 22-13]
where drag measurements reveal signatures of Wigner
crystallization 2419 and Luttinger liquid 221 behav-
ior, phenomena that arise from the strong electron-
electron correlations inherent to low-dimensional con-
ductors. More recently, Coulomb drag experiments
in mixed-dimensional systems, such as between 1D
and 2D conductors2224  provide a means to explore
how dimensionality influences electron-electron inter-
actions. For example, coupling an InAs nanowire 22
or a single-walled carbon nanotube (1D conductor)

YBERT demon-

with a graphene sheet (2D conductor
strates anomalous temperature dependence and non-
linear drag responses. These studies provide valuable
insights into the role of dimensionality in modulat-
ing electron-electron interactions and offer a promising

avenue for further investigation.

In this work, we investigate Coulomb drag between
laterally separated, closely spaced graphene regions
hosting quantum Hall edge states under high mag-
netic fields.

Coulomb coupling between spatially separated edge

This lateral configuration enables direct

channels across a nanometric gap, forming a unique
1D-1D interaction geometry within a 2D material. Our
experiments reveal pronounced negative drag responses
when both edges are tuned to charge neutrality point
(CNP, n = 0), accompanied by polarity reversal and

strong dependence on temperature and drive current.

These findings demonstrate inter-edge Coulomb drag
in the quantum Hall regime and open a new route to

probing correlated edge transport in graphene.

II. EMERGENCE OF DRAG SIGNALS

The schematic illustration of the fabricated device
is shown in Figure m(a), and the optical image of Device
A is presented in Figure m(b) The prepared het-
erostructure is dry-etched into left and right parts: the
top graphite gate (TG), the insulating hexagonal boron
nitride (h-BN) layer between the TG and the mono-
layer graphene, and the monolayer graphene used for
measurements are all etched through, whereas the bot-
tom silicon substrate, which serves as the global bottom

gate (BG), remains unetched.

During the measurement, one half of the graphene
channel is electrically biased and serves as the drive
layer, while the other half is used solely to detect the
drag signal coupled via Coulomb interactions, thereby
functioning as the drag layer. Both graphene regions
lie in the same plane. To further characterize this gap,
Figure m(c) presents a false-color high-resolution SEM
image of the device, in which the etched break can
be clearly identified. The gap is approximately 30 nm
wide, and leakage current measurements show that the
interlayer leakage remains below 0.1 nA at 10 V. It
should be noted that the TG is also etched and sepa-
rated, which enables independent tuning of the carrier

densities in the drive layer and the drag layer.

By tuning the global Si BG voltage, we first charac-
terize the intrinsic longitudinal resistance of the drive-
side graphene in Device A at T' = 1.5 K, defined as

LT
drive

magnetic field and carrier density n = %Cbg(ng - V),

= VT . /Ldrive, as a function of the out-of-plane
as shown in Figure m(d) A clear Landau-fan pat-
tern is observed. In addition to the central resistance
peak at CNP, satellite resistance peaks appear sym-
This

phenomenon originates from the formation of a moiré

metrically on both the electron and hole sides.

superlattice during device fabrication: the monolayer
graphene is nearly aligned with one of the h-BN lay-
ers, and due to their similar lattice constants, inter-

ference effects induce a moiré superlattice, which gives
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Fig. 1. Coulomb drag in gap-separated graphene. (a) Schematic of the device and measurement setup. The graphene stack
is etched into two identical sections, forming the drive and drag layers. The carrier densities in the drive and drag graphene
layers are independently controlled via separate graphite TGs and a shared silicon BG. (b) Optical image of Device A.
Purple indicates the wafer, green the device, and yellow the metal electrodes. (c) False-color high-resolution scanning
electron micrograph showing the detailed structure of the narrow gap (~30 nm wide). The green area represents the etched
stack, and the purple area denotes the etched gap. (d) Landau fan diagram of the longitudinal resistance of the drive layer
at T = 1.5 K for Device A. The zero-field satellite peak, arising from the graphene/h-BN moiré superlattice, indicates a
moiré period of 12.6 nm. (e) Color map of the drag resistance (Rarag) as a function of carrier density (n) and magnetic
field (B) at T'= 1.5 K. The axes are normalized to the moiré unit cell.

rise to secondary Dirac points acting as new centers
of Landau fans. Moreover, the resistance peaks on
the hole side are significantly stronger than those on
the electron side, reflecting the intrinsic asymmetry of
the moiré potential. Through combined analysis of the
periodic interference fringes and the positions of the
satellite peaks in the fan diagram, the moiré wavelength
is determined to be A, = 12.6 nm. (The horizontal and
vertical axes in the figure represent normalized n/ng
and @/®Pg, corresponding to the electron density and
the magnetic flux quanta per unit cell of the superlat-
tice, respectively.)

When simultaneously measuring the longitudinal

voltage on the drag side during this process, unconven-
tional voltage signals are detected, as shown in Fig-

ure ﬂ(e).

Vrag/Iarive, €xhibits nonzero values in several regions

The drag resistance, defined as Rarag =

marked by dashed elliptical outlines. Among these, the
drag signal corresponding to the satellite peak on the
hole side is the most pronounced and stable, reach-
ing a maximum value of approximately 50 Q. A rel-
atively strong drag signal is also observed at the CNP,
though it fluctuates significantly between positive and
In addi-

tion, at the resistance maxima arising from the inter-

negative values, indicating lower stability.

ference between the Landau fans centered at the hole-
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side satellite peak and the CNP, distinct drag signals of
varying amplitudes can also be identified. In contrast,
the drag signals on the electron side are much weaker
and barely distinguishable in the figure (highlighted by

dashed rectangular outlines).

III. DRAG SIGNALS IN QUANTUM HALL
REGIME

If Coulomb interactions were absent in the sys-
tem, the two separated graphene sheets would remain
completely electrically independent, and the unbiased
graphene layer would not exhibit any electrical signal.
However, in our device, the drag layer shows voltage
responses consistent with the behavior of the current-
driven graphene layer, even though it is not directly
biased. This observation provides clear evidence that
the drag effect in this device is dominated by Coulomb
interactions. Since the two graphene sheets are not
vertically stacked but instead separated laterally by an
etched 1D gap, the observed drag effect arises from

Coulomb forces between carriers across the gap.

It should be noted that the drag signals presented
here are extracted from the z-channel (resistive com-
ponent) of the lock-in amplifier, which ensures the
exclusion of any possible contributions from capacitive
coupling that would appear in the y-channel (phase-
leading component).

We further investigate the Coulomb drag effect
under high perpendicular magnetic fields. As shown
in Figure E(a), at B = 12 T with the bottom Si BG
grounded (Vg = 0 V), we measure a 2D map of Rrag
as a function of nqrae and ndrive, which are indepen-
dently tuned by the TGs of the drag and drive regions,
respectively. A pronounced drag signal is observed at

Ndrag = 0, where Rgpag exceeds 200 Q.

In addition, a distinct horizontal

enhanced Rgrag is observed at ngrive = 0. Here, Rarag

stripe of

also reaches several tens of ohms, although it is signif-
icantly weaker than the case of n4;ag = 0. The under-
lying mechanism is expected to be analogous to that
at the CNP in the drag layer. Moreover, in the second
and fourth quadrants, weaker grid-like distributions of
high-R4rag  “islands” can be identified. These states

may correspond to resistance maxima induced by the
interference between different Landau fans, as previ-
ously discussed in Figure m(e). Finally, a shaded region
of suppressed Rgrag is visible near ngrag = 0, which
originates from the broadening of the resistance peak
at the CNP under high magnetic fields.

However, since Rgrag is calculated as the ratio
of Virag t0 Iarive, and Igrive may decrease when the
resistance of the drive layer increases, a more direct
assessment of the drag effect can be obtained by ana-
lyzing Virag alone. As shown in Figure E(b), the Virag
map exhibits a pattern similar to that of Figure E(a),
with strong responses observed at both ngrae = 0 and

Ndrive = 0, reaching maxima exceeding 40 pV.

To examine in more detail the effect of tuning
Narive On the drag signal, Figure E(C) presents line
cuts of Virag and Igrive corresponding to ngrag = 0
in Figure E(b) The Virag signal reaches its maximum
(200 uV) at ngrive = 0, where Iqyve simultaneously
reaches a minimum due to the zero doping condition in
the drive layer. Away from ngrive = 0, Varag rapidly de-
creases as Iqrive increases. The response is not perfectly
symmetric with respect to the sign of ngrive: when holes
are doped in the drive layer, Virae is larger and Iqrive
is smaller compared to electron doping. Consequently,
the overall drag effect is slightly stronger for hole-doped

conditions than for electron-doped conditions.

The response of the drag signal to ndrag at ndrive =
0 shows a different behavior. As shown by the blue
curve in Figure E(d)7 at B = 12T and nrive = 0, Rarag
exhibits multiple peaks as n4rag is varied. To avoid the
influence of the large drag peak at ngrae = 0, only the
range 0.5 < Ndrag/no S 3 is shown. Unlike the mono-
tonic behavior seen in Figure E(c)7 here Rqrag displays

several distinct maxima.

To further explore the origin of this feature, we
measured the intrinsic Hall signal of the monolayer
graphene used on the drive side at B = 12 T. As
shown by the red curve in Figure E(d), multiple integer
Hall plateaus are observed with increasing nqyive, corre-
sponding to filling factors v = 2, 3,4,5,6. The plateaus
at v = 3,4,5 arise from the lifting of spin and valley
degeneracies in monolayer graphene under high mag-

netic fields. Notably, the minima in R4 align with
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Fig. 2. Coulomb drag measurements at high magnetic field. (a) Drag resistance (Rarag) at B =12 T and T = 1.5 K, shown
as a function of the scaled carrier densities of the drag and drive layers. The drag resistance reaches its maximum when
both the drive and the drag graphene layers are near the CNP. (b) Corresponding drag voltage for the data shown in (a).
(c¢) Comparison of drag voltage (blue line) and drive current (red line) as functions of the scaled carrier density of the drive
layer, with the drag layer held at the CNP. (d) Drag resistance (blue line) as a function of the scaled carrier density of
the drag layer, measured away from the CNP while the drive layer is positioned at the CNP. The red line shows the Hall
resistance of the drive layer, representing the intrinsic resistive state of the drag layer graphene under equivalent doping

conditions.

the even filling factors v = 2,4, 6, while the drag signal
is larger at v = 3,5. One possible explanation is that
at Varag = 2,4,6, the bulk is insulating, and the edge
states of the drive and drag layers, which mediate the
Coulomb drag, do not fully match, resulting in reduced

Coulomb coupling efficiency and smaller Rqrag.

IV. NEGATIVE LATERAL COULOMB
DRAG MECHANISM

We next perform qualitative measurements of the
potential distribution within the device using different

measurement configurations. Figures E(a)w(d) show

2D maps of Rgrag as a function of ngrag and ngrive
under four different configurations at B = 12 T. The
corresponding measurement schematics are illustrated
in Figure E(e), where Vi_o = Vi — V5, and similarly for
the other voltage differences.

From Figure B(a), the drag effect is strongest
at locations where R;_o is positive, corresponding to
Vi—2 > 0. In Figure E(b), Ry 4 is negative, correspond-
ing to Vo_4 < 0, and similarly, Figures E(C)N(d) show
V3_4 < 0 and Vi_3 > 0. These observations indicate
that points 2 and 3 in Figure E(e) have lower potentials,

whereas points 1 and 4 have higher potentials.

Figure E(f) illustrates the mechanism underlying

this phenomenon. The strong perpendicular magnetic
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Fig. 3. Various measurement geometries of Coulomb drag. (a)~(d) Drag resistance (R

2 in (a) R2* in (b) R34 in

drag drag drag

(c) R:23 in (d) at B = 12 T and T = 1.5 K, shown as a function of the scaled carrier densities of the drag and drive

drag

layers near the CNP. Electrodes 1 and 4 exhibit higher electric potentials, while electrodes 2 and 3 show lower potentials.
(e) Measurement configuration corresponding to (a)~(d), with all measurements conducted simultaneously. (f) Schematic
illustrating the motion of Coulomb-dragged charges within the device.

field forces carriers in the central region of the device
into cyclotron motion, preventing them from contribut-
ing to conduction. When Ig,ive is applied as shown,
the yellow-shaded regions near the edges mark where
the Coulomb interaction between the drive and drag
layers is strongest, and the electrons and holes there
undergo helical motion driven by the combined Lorentz
and Coulomb forces. Electrons in the drag layer are
Coulomb-dragged upward along the edges, while holes
move downward, leading to accumulation of electrons
at the upper side and holes at the lower side, which
raises the potential at electrode 1 relative to elec-
trode 2. A dynamic equilibrium is established when
the Coulomb repulsion generated by the accumulated
charges at both sides counterbalances the drag-induced
driving force. Meanwhile, some carriers that escape
the Coulomb drag process (e.g., holes at the top and

electrons at the bottom) move along the device edges

as indicated, eventually accumulating and equilibrat-
ing at the device ends, forming regions of higher and
lower potential corresponding to electrodes 4 and 3,
respectively. Similarly, once sufficient charge accumu-
lates near electrodes 3 and 4, the resulting Coulomb
potential becomes comparable to the Lorentz force,
attracting oppositely charged carriers from the vicinity
of electrodes 1 and 2 and partially neutralizing them,

leading again to a dynamic equilibrium state.

V. TEMPERATURE AND CURRENT
DEPENDENCE OF THE DRAG SIGNAL

In addition to gate tuning, temperature also

Figure H(a)
presents the dependence of Rgrae on the BG voltage

strongly modulates the drag signal.

Vbe and temperature in device B under an out-of-
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Fig. 4. Influence of temperature and driving current on the drag signa. (a) Map of Rarag as a function of BG voltage and
temperature at B = 12 T and I4rive = 50 nA for Device B. (b) Temperature dependence of the drag resistance at selected
BG voltages, indicated by arrows in (a). The data are well described by Rarag = A X e T/To where Ty represents the
characteristic temperature. (c¢) Rarag as a function of BG voltage for different driving currents (Iarive) at B = 10 T. (d)
Extracted dependence of Rgrag on the driving current (Iarive) for different BG voltages, corresponding to the arrows in (c).

plane magnetic field of B = 12 T and a driving cur-
rent of Igive = 50 nA. As the temperature increases,
Rgrag exhibits a pronounced decrease. At Vi, =0V,
the drag signal becomes barely distinguishable above
T = 20 K, while away from the CNP, Rqg;,, displays
The

extracted Rarag as a function of temperature at three

the same decaying behavior with temperature.

representative BG voltages (indicated by arrows in Fig-
ure H(a)) is plotted in Figure H(b), showing a typical
exponential decay. Fitting the data with the function
Rarag = Ae~T/To where T, is defined as the charac-
teristic temperature, yields good agreement between
the experimental points and the fitting curves (dashed
lines).

Finally, the magnitude of the driving current Igrive

also modulates Rgrag. Figure H(c) shows the evolution

of Rgrag as a function of V4,4 for a series of different driv-
ing currents. At smaller currents, the drag resistance
becomes larger, and some fine drag peaks become more
pronounced. Notably, at Vs = 1.30 V, a new neg-
ative drag peak emerges when Ijyve is reduced. By
extracting Rarag at the BG voltages marked by arrows
in Figure H(c) for different I4.ive, we obtain the data
in Figure H(d), which clearly demonstrate that Rgrag,
whether positive or negative, exhibits an inverse pro-

portionality to the driving current.

VI. DISCUSSION

In our study, a pronounced Rgrag appears at the

CNP, whose positive value indicates a negative drag
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(-7

behavior . It is noteworthy that such negative drag

at the CNP under magnetic fields has been experimen-

tally observed in 2D drag systems [Z4:8:28]

Several theoretical explanations have been pro-
posed to account for the peak observed at the CNP.
One explanation attributes this phenomenon to the
third-order interaction terms in the system, which may
dominate near the neutrality point[29. Specifically,
at charge neutrality, the unusually strong Coulomb
drag in graphene arises from a graphene-specific mech-
anism based on fast interlayer thermalization rather
than conventional momentum transfer. Near the Dirac
point, where electron and hole densities are balanced,
energy and momentum currents become strongly cou-
pled, allowing efficient transfer of energy fluctuations
between the layers even when charge transfer is sup-
pressed. This hydrodynamic regime leads to a finite
drag signal that persists in clean samples and, in the
presence of disorder or higher-order scattering, pro-
duces a pronounced peak in the drag resistivity cen-

tered at the neutrality point.

Another explanation considers the peak as orig-
inating from interlayer energy transfer mediated by

B9 Specifically, at the

electron-electron interactions
CNP, the unusually strong Coulomb drag arises from
an energy-driven drag mechanism rather than conven-
tional momentum transfer. Because the two graphene
layers have spatially correlated electron-hole puddles,
a driving current in one layer induces local heating
and cooling patterns that are efficiently transferred
to the other layer through interlayer electron-electron
energy exchange. This correlated temperature modu-
lation generates a thermoelectric voltage in the passive
layer, producing a large positive drag peak at neutral-
ity.

In addition, some studies suggest that the strong
negative magnetodrag observed at the CNP in graphene
may originate from interlayer excitonic correlations
analogous to those found in GaAlAs double quantum
wells with two half-filled Landau levels[# . In graphene,
the Dirac-like spectrum places the lowest Landau level
(N = 0) at zero energy, yielding two half-filled lev-
els at the neutrality point that can host electron-hole
pairing across layers. Remarkably, such interlayer cor-

relations persist up to room temperature, likely due to

the extremely small interlayer spacing relative to the
magnetic length, high carrier mobility, and the forma-
tion of the N = 0 Landau level under finite magnetic
fields.

Regarding the observed decrease of Rgrag with
increasing temperature, this may occur in 1D drag con-
figurations where the energy drag mechanism domi-
nates the Coulomb drag, and phonon thermal conduc-
tivity plays an important role in weakening the drag
signal at elevated temperatures23. For the observed
reduction of Rgrag With increasing Igrive, possible ori-
gins include: (i) a nonlinear drag response in the
graphene edge channels, where lower driving currents
access the interaction regime dominated by Luttinger
liquid physics; (ii) reduced heating effects at small cur-
rents, which enhance the relative importance of meso-
scopic fluctuations or rectification effects, potentially
amplifying or even reversing the drag signal; and (iii)
energy transfer or subband filling effects near the CNP,
which may also contribute to the emergence of negative
dragB0-52)

In conclusion, we clearly observe negative Coulomb
drag primarily located at the CNP in laterally sepa-
rated monolayer graphene under perpendicular mag-
netic fields.

exhibits different dependencies on the carrier densi-

Experiments show that the drag effect

ties of both the drive and drag layers. Potential mea-
surements further reveal the spatial distribution of the
induced voltages, highlighting the role of edge states
and cyclotron motion in shaping the drag response. In
addition, systematic studies of temperature and current
dependence demonstrate that the drag signal decays
exponentially with temperature and increases as the
drive current is reduced. These results establish lat-
eral graphene heterostructures as a powerful platform
to probe Coulomb drag beyond conventional vertically

stacked systems.

The results presented here not only expand the
understanding of Coulomb drag in graphene but also
introduce a novel platform for exploring correlated elec-
tronic phases in lateral 2D systems. By combining the
advantages of 2D graphene with the spatial separation
of layers within the same plane, our findings pave the
way for the investigation of new interlayer correlations

and quantum condensed states in emerging materials.
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VII. METHODS
A. Sample Preparation

The graphene flakes used in the devices orig-
inate from mechanical exfoliation of bulk graphite,
and the layer number is determined by atomic force
microscopy. The multi-layer heterostructures are fab-
ricated using ‘pick-up’ method3. The entire het-
erostructure assembly is performed on a micromanip-
ulation stage equipped with a temperature-controlled
base and a slide clamp fixture. The dry transfer
process employs a stamp consisting of a 3 mm-thick
Polydimethylsiloxane (PDMS) substrate topped with a
poly(propylene carbonate) (PPC) film of several tens
of micrometers in thickness as the adhesive layer. A
mechanically exfoliated hexagonal boron nitride (h-
BN) flake (typically 15~40 nm thick) is first placed on a
heated substrate (maintained at 47 °C throughout the
entire transfer process) and then picked up using the
transfer stamp. Subsequently, a graphite flake with a
thickness of approximately 3~10 nm is picked up to
serve as the TG, followed by the pickup of a thin h-
BN flake that functions as the dielectric layer. Next,
a monolayer graphene flake is picked up as the device
layer, and finally, another h-BN flake is transferred at
the bottom of the stack to achieve full encapsulation
of the heterostructure. The completed stack is then
released onto a heavily doped Si/SiO» substrate pre-
patterned with alignment marks. After that, a vacuum
annealing step (P < 0.01 Pa, 400°C, 35 min) is used to

remove the PPC layer.
We first define a ~300nm-thick PMMA mask in

the shape of a rectangle with electrode leads, depend-
ing on the overall size and shape of the material. This
is done using electron beam lithography ( ThermoScien-
tific Quattro S) with an acceleration voltage of 30 kV.
The redundant regions of the heterostructure are etched
away by CHF3/O4 plasma using an Ozford Instruments
PlasmaPro 80 RIFE, which simultaneously exposes the
edges of the heterostructure for subsequent edge con-
After etching, the remaining PMMA mask is

removed by rinsing in acetone.

tacts.

A second round of electron beam lithography is

then performed to define the electrode patterns that

connect to the pre-designed contact regions. We
deposit 5 nm Cr / 15 nm Pd / 60 nm Au electrodes
(at a deposition rate of 0.3~0.8 A/s) using ultra-
high vacuum electron-beam evaporation (DETECH
DE/00DUL), with the chamber pressure maintained
below 1 x 1072 Torr. These edge-contacted electrodes
are patterned through a lift-off process by dissolving
the PMMA mask in acetone.

A third round of electron beam lithography is
performed to cut the graphene and create two adjacent
edges. A thinner PMMA mask is prepared by spin
coating at a higher speed, and a higher exposure
dose is applied to open a narrow window (designed
to be ~20 nm wide) across the heterostructure. The
etching is carried out using SFg/O2 plasma, and the
conductivity across the narrow window is monitored to
determine whether the etching is sufficient. Once both
the TG and the device-layer graphene are completely
cut, the remaining PMMA mask is removed by rinsing
in acetone. Finally, the fabricated device is then
wire-bonded with Al wires to a dual in-line ceramic

chip carrier.

B. Transport measurement

All transport measurements are performed in an
Ozford Instruments TeslatronPT-VS12TMAG system.
During resistance measurements, resistance is mea-
sured using a standard four-terminal configuration. A
quasi-constant current source is constructed by out-
putting a 17.777 Hz voltage signal from a Stanford
Research Systems SR830 DSP lock-in amplifier in series
with a 10 M resistor (much larger than all other
resistances in the circuit and device). The current is
read by a second SR830 lock-in amplifier, synchronized
with the source, operating in current mode. The volt-
age is measured differentially by a third SR830, also
synchronized with the source. The TGs on both the
drag and drive sides, as well as the Si BG, are inde-
pendently controlled by three separate Keithley 2 400
source meters.

When measuring maps, we first fix the parameter
corresponding to the y-axis (such as temperature or

magnetic field) at its initial value, and then scan the
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z-axis variable to acquire data. Once data collection
at that y point is complete, we step to the next y value
and repeat the process until the full desired range is

covered.

C. SEM imaging

The Scanning Electron Microscopy images are cap-
tured by an ThermoScientific Quattro S with the 30 kV

acceleration voltage.
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