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The charge neutrality point of bilayer graphene, denoted as the v= 0 state,
manifests competing phases marked by spontaneous ordering of the spin,
valley and layer degrees of freedom under external magnetic and electric
fields. However, due to their electrically insulating nature, identifying these
phases through electrical conductance measurements is a challenge. A
recent theoretical proposal suggests that thermal transport measurements
can detect these competing phases. Here we experimentally show that the

bulk thermal transport of the v= 0 state in bilayer graphene vanishes. This
isin contrast to the theory, which predicts a finite thermal conductance
inthe v=0state. By varying the external electric field and conducting
temperature-dependent measurements, our results suggest that there are
gapped collective excitations in the v = O state. Our findings underscore the
necessity for further investigations into the nature of the v = O state.

The v= 0 state of the quantum Hall (QH) regime in bilayer graphene
(BLG) offers a fertile playground for realizing symmetry-broken
many-body ground states that arise from the interplay between the
isospin anisotropy of electron-electron and electron-phonon inter-
actions, Zeeman energy and electric field across the layers' ™. The
electric field tunability of the isospin ‘layer’ degree of freedom offers
an extra knob for exploring the rich phase diagram of the v = 0 state
in BLG %, Theoretically, the v = O state is believed to harbour four
different ground states' with different spin and valley (equivalent to
layer or sublattice) degrees of freedom: ferromagnetic (F), canted
antiferromagnetic (CAF), partially layer polarized (PLP) and fully layer
polarized (FLP). In the F and CAF phases, each electron in a unit cell
occupies adifferent sublattice with the same and canted spin polariza-
tion, respectively’. In the PLP case, both electrons of the unit cell are
shared with both the sublattices with opposite spin, andin the FLP state,
both electrons occupy the same sublattice (equivalently same layer)
with opposite spin polarization. The spin polarization of these phases
on different sublattices is schematically shown in Fig. 1a. Although
all four phases are electrically insulating in bulk, the ferromagnetic
phase is expected to harbour the conducting helical edge modes at the
physicalboundary of the sample?. Similar competing phases are also

expected for the v = 0 state of monolayer graphene (MLG)’. Although
several experimental observations based on charge transport measure-
ments support some of the proposed insulating phasesinboth MLG* %
and BLG'*?, these measurements do not directly capture the sponta-
neous symmetry breaking of the spin or isospin degrees of freedom.
In contrast to charge transport measurements, thermal transport
experiments are believed to be more sensitive inidentifying the spon-
taneous symmetry breaking of spin or isospin degrees of freedom of
BLG. For example, heat flows through gapless collective excitations
(spin or isospin), like Goldstone modes, of the spontaneously, con-
tinuous, symmetry-breaking phases, whereas heat flow is blocked by a
gapped spectrum of collective excitations. Indeed, this was proposed
by Falko Pientka et al.>°, who claimed that at low temperatures, heat
can flow through gapless collective modes of the CAF and PLP states
butshould vanish forthe FLP and F phases, where the excitation spec-
trum is gapped. A similar proposal was also made for MLG"*'. Despite
these theoretical predictions, a study of the thermal conductance of
the v= 0 state was lacking due to the technical challenges involved in
making thermal transport measurements at low temperatures. We
overcame these challenges by successfully developing a thermal con-
ductance measurement technique in the QH regime®>* that employs
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Fig.1|v = 0 ground states of BLG, device schematic and measurement
set-up. a,v=0QH phase of BLG with the four predicted ground states. b, The
device and measurement set-up. The device was placed into the integer QH
regime. The global BLG part (shown in blue and controlled by a graphite back
gate, BG1) was placed into the v =4 state. The local BLG part (shownin greenand
controlled by alocal graphite back gate BG2) was placed in the v = O state. For
simplicity, four edge channels are shown by asingle line withanarrow. A d.c.
current /s was injected from contact A. This current moves in the anticlockwise
direction set by the magnetic field. Chiral edge channels (red) at potential

Vm = ’75 X V% and temperature T, leave the floating contact and terminate in two
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cold ground contacts (CG), where hand e are Planck constant and charge of an
electron, respectively. The electron temperature T, of the floating contact was
determined by measuring the excess thermal noise at contact D at a frequency
=725 kHz using an LCR-resonant circuit, which was followed by a cascade of
amplifiers, and it was finally measured by a spectrum analyser (SA). The wiggly
line emanating from the floating contact represents heat transport through
Goldstone modes of the v = O state. ¢, Same as b, but here both the global and
local BLG parts are set to v =4. The hot spotsinb and c at different corners are
shown as red circles filled with a white flame.

Johnson-Nyquist noise to determine the temperature of the heat
reservoirs at low temperatures. This technique was used to measure
theelectronic contribution of heat flow due to chiral edge channelsin
integer and fractional QH phases in graphene and BLG* .

In the spirit of the theoretical proposal of Falko Pientka et al.*°,
here wereportonheat flowinthev=0statein dual-gated BLG devices
encapsulatedin hexagonal boronnitride (hBN). To measure the thermal
conductance, we used a device geometry in which a metallic floating
contact reservoir was connected to two independent QH regions,
whose filling was controlled by a global graphite back gate® . To create
av=0regioninthisdevicestructure, we employed another local gate
such that we could tune our device with and without the v =0 state.
Further, in the v= 0 state, the displacement field (D) was varied from
D=0toD=0.1Vnm™for the expected ground states of CAF and FLP,
respectively’’. The thermal conductance was measured from very low
temperatures, 20 mK to1K. At low temperature, inthe absence of the
v=0state, the measured thermal conductance matched the expected
electronic contribution. Next, the device was placed in the v=0 state
using the local gate, and surprisingly, no further detectable contribu-
tion to the thermal conductance was measured, so that the results
remained the same irrespective of the external electric field (D) or
temperature. This confirms the absence of heat flow in the v =0 state
from the anticipated collective excitations of isospin.

Device and experimental principle

The device schematic and measurement set-up are shownin Fig.1b,c.
Thedevice consists of hBN-encapsulated BLG placed on two independ-
entgraphiteback gates. The global graphite back gate BGland thelocal
graphite back gate BG2 control the charge carrier density or thefilling
factors of the blue and green parts in Fig. 1b,c, respectively. Details of

the device structure are givenin Supplementary Information Section1,
and there are optical images in Supplementary Fig. 1. Note that we
have chosen two graphite back gates so that the v =0 state has a zero
displacement field (detailsin Supplementary Information Section 3),
which allows it to host the CAF ground state as theoretically sug-
gested’® for amoderate perpendicular magnetic field (B<10 T). The
local graphite back gate BG2 was separated from the global graphite
back gate BG1by athin hBN flake with a thickness of around 10 nm. The
contacts onthe BLG were patterned into aHall bar geometry. There was
ametallic floating contact in the middle, which was connected to the
BLG with one-dimensional edge contacts (see Supplementary Infor-
mation Section 1 for details). We fabricated two graphite back-gated
devices, devices 1and 2. Device 1 was cooled down to 20 mKin a dilu-
tionrefrigerator, and a perpendicular field of 4 Twas applied. The QH
response with robust plateaux at different filling factors can be seen
in Supplementary Fig. 2. The electrical conductance was measured
with standard lock-in techniques, whereas the thermal conductance
was measured with noise thermometry*>* based on an LC-resonant
circuit, amplifiers and aspectrum analyser (details in Supplementary
Information Section 4). To determine the thermal conductance of the
v =0 state, we performed measurements for two different cases: (1)
when both the global and the local BLG parts had the same filling fac-
torv=4(Fig.1c) and (2) when the global BLG part had v=4 whereas the
local BLG part was in the v= 0 QH state (Fig. 1b). The difference in the
thermal conductance values of these two cases provides the thermal
conductance ofthe v =0 state. If the gapless collective excitations, like
Goldstone modes, exist for the v =0 state (Fig. 1b), extra heat current
should flow from the hot floating contact to the cold ground in addi-
tion to the electronic heat flow through chiral edge channels, as shown
schematically in Fig. 1b.
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Fig.2|Thermal conductance data at the base temperature 20 mK. a, Excess
thermal noise S, measured as a function of the source current for device 1for two
cases: (1) Vg, = 4 and vy, = 4 (4-4, red filled circles) and (2) vy, = 4 and vy, = 0 (4-0,
black filled circles). b, Temperature T, of the floating contact plotted asa

function of the dissipated power J,,. ¢, /, (solid circles) plotted as a function of
Tﬁﬂ - Té, showing excellent agreement with G, = 8k, T (dashed blue line). Green
solid circles represent the difference in thermal conductance of the two cases
(4-4 and 4-0) in units of k,7and show no detectable difference.

Heat flow measurement

Wefirstdescribe theresults for case 1without the v=0state. The whole
BLGwassettov =4 (Fig.1c). Ad.c. current/swas injected at contact A,
which flowed towards the floating reservoir. The outgoing current
fromthe floating reservoir splitinto two equal parts (see Supplemen-
tary Fig. 2 for details) and flowed towards the cold ground contacts.
The power dissipatiozn atthefloating reservoir due to hot spots (Joule
heating) was Jq = 4:_500 (refs.35-37,39), where G, is the quanta of elec-
trical conductance. Thus, the electronsin the floating reservoir reached
anew steady-state temperature (7,,) with the following heat balance
relation: Jq = J§(Tw. To) = 0.5Nko(Ty, — T3) (refs.35-37,39), where
jE(TM, To) is the electronic contribution of the heat current through
N chiral edge modes (here, N =8 as four QH edge channels leave the
floating reservoir towards the left and four leave towards the right in
Fig.1c),and ko = w?k3/3h (refs. 35-37,39) with k; the Boltzmann con-
stant, hthe Planck constant and T, the temperature of the cold ground.
The Ty, of the floating reservoir was obtained by measuring the excess
thermalnoise atcontact D, asgivenby S, = vky(Ty, — T,) G, (refs.35-37,39),
along the outgoing edge channels, as shown in Fig. 1. Figure 2a shows
the measured excess thermal noise S, (red circles) as a function of cur-
rent /s for case 1 without the v=0 state (at bath temperature
Toan = 20 mK). The current and the noise axes of Fig. 2a were converted
to/qand Ty and plotted in Fig. 2b (red circles). To extract the thermal
conductance G, we have plotted /o as a function of 73, — 73 in Fig. 2c.
The solid red circles represent the experimental data, and the blue
dashed line represents the theoretical contribution of the electronic
heat flow for G, = 8k, T, where T= (T, + T,)/2. The excellent match
between the experimentally measured dataand theoryin Fig.2c unam-
biguously proves the accuracy of our measurement set-up.

Now, we will discuss the results obtained for case 2 with thev=0
state, where the local BLG part (BG2) was set at v= 0 while the global
BLG part was kept at v=4 (Fig. 1b). It could be expected that the elec-
tronic contribution to the thermal conductance would remain the
same, as the number of electronic channels leaving the floating reser-
voir has not changed. However, if the gapless collective excitations,
like Goldstone modes, existed in the v = 0 part, then the thermal
conductance would be expected to be higher than in case 1 as
Jo = 0.5NKo(T — T3) +ngF(TM, To), where jSAF(TM, To) is the extra
heat current carried by the gapless collective excitations (as expected
for the CAF phase). The wiggly lines in Fig. 1b represent the extra heat
flow through gapless Goldstone modes in the electrically insulating
bulk of the v= 0 state in the local BLG part. The results obtained for
case2withthev=0stateareshownbythesolidblackcirclesinFig.2a-c.
Surprisingly, the results for case 2 with the v = 0 state are identical to
those for case1without the v = O state. Moreover, the measured thermal
conductance matched extremely well with 8k, T without any other
contribution (Fig. 2c). The measurement was repeated for device 2,

which allowed us to measure another configuration: (1) whenboth the
global and local BLG parts have the same filling factor v=1and (2) when
theglobal BLG parthasv =1, whereas thelocal BLG partwasinthev=0
state. The details are shown in Supplementary Figs. 4 and 5. No other
heat flow contribution was observed through the v= 0 state.

With the two graphite back gates (global and local) in the above
device geometry, we could not vary Dto access the other phases of the
v=0QHstate of the local BLG part. Toachieve this, we used another type
of device structure, device 3, which has a metallic local top gate over
the hBN-encapsulated BLG. This structure was isolated from metallic
ohmic contacts by a few-nanometre-thick insulating layer of Al,O,, as
shown schematically in Fig. 3a. Details can be found in Supplementary
Fig. 6. The displacementfield (D) was varied for the local BLG part. The
effect of D on the v=0 state is illustrated in Supplementary Fig. 7g,
which shows the closing of the insulating gap of the v= 0 state around
D'=+0.07 V nm™. Thisindicates the transition from one phase of thev=0
state to another, asreported in the literature*****', Figure 3b,c summa-
rizes the thermal conductance results for device 3 in two scenarios: (1)
whenboththeglobal andlocal BLG parts had the samefilling factorv=4
and (2) whenthe global BLG part had v =4 whereas thelocal BLG part was
tuned to thev=0state withD=-0.08 Vnm™(>D’).Inthelatter scenario,
no other contribution to the heat flow was observed for the v= 0 state.

The absence of thermal conductance at a finite D ~-0.08 V nm™
inFig. 3 for device 3was expected, asthe ground state of the v= 0O state
was FLP with gapped excitations***°*°, However, the absence of heat
flowinthev=0stateatD = Ofordevicesland2 (Fig.2and Supplemen-
tary Fig. 5) was surprising, as the v= 0 state was expected to be in the
CAF phase with gapless excitations®®. These results may suggest the
following possible scenarios: (1) The ground states of the v=0 state
did not support the gapless collective excitations or (2) at the lower
bath temperature (-20 mK), the thermal conductance contribution of
the collective excitations was negligible. Next, we discuss the possible
ground states of the v = 0 state and their excitation spectra. Here we
focus on the second scenario. This scenario has merit, as the contri-
bution from collective excitations in two dimensions was expected
to decrease quadratically with temperature®. To capture a notable
contribution from the collective excitations, we conducted measure-
ments at elevated temperatures up to1K for both scenarios for device
1: (1) without the v = O state and (2) with the v = O state. However, these
higher temperature measurements were challenging due to the poten-
tial heatloss through electron-phonon coupling from the hot metallic
floating contact to the substrate as well as due to heat loss to phonons
inthe BLG from the hot metallic floating contact to the cold ground.

To simplify the analysis, we restricted our measurements to the
linear regime at elevated temperatures, while ensuring that AT < T,
where AT=(Ty,— T,,) and T, is the temperature of the cold ground.
In this regime, the heat balance equation can be simplified as
follows: Jq = 0.5NKo(T2, — T2) + GSFAT + GI'AT + G&P"AT. Thiscan
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Fig.3| Thermal transportat finite D. a, Device schematic. The device is the same
asthe oneinFig. 1b, except that BG2 has been replaced by a top gate (TG) to apply
atransverse displacement field, as shown schematically in the right-hand panel.
b, Excess thermal noise S, measured as a function of the source current for two

BLG
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cases: (1) vgg =4 and vy = 4 (red) and (2) vy = 4 and vy = O (black) at
D=-0.08V nm™ (see Supplementary Fig. 7 for details). ¢, /4 (solid circles) as a
function of Tﬁl - T(Z). Theblue solid line represents the linear fit with G, = 8k, T.

be simplified to Jo = NkoToAT + GJATAT + GghAT+ GEP"AT , where
the successive terms represent contributions fromelectronic channels,
collective excitations (CAF), phonons and electron-phonon interac-
tions, respectively. Figure 4a-c shows the measured excess thermal
noise §,asafunction of injected current /s at 7,, = 80,300 and 500 mK
for the two scenarios with and without the v = O state. We did not
observe any difference between the two cases. In Fig. 4d-f, J, versus
AT is plotted at T, = 80, 300 and 500 mK for one of the scenarios.
OverasmallATrange (AT < Ty),Jqincreasedlinearly with AT. The slope
gives the value of the thermal conductance, as indicated by the solid
bluelines. The solid black lines show the expected contribution from
theelectronic edge channels (Vk, T~ 8k, T,). Unlike at low temperatures
(Fig.2), atelevated temperatures, the measured thermal conductance
was much higher than the electronic part, as expected from the extra
contributions. However, the absence of any detectable difference
between the two scenarios, with and without the v= 0 stateinFig.4a-c,
suggests that there was no heat flow due to collective excitations of
isospins in the v=0 QH ferromagnet of BLG. Note that the cooling of
the electron system remained efficient down to our lowest bath tem-
perature. The electron temperature T, remained very close to Ty,
throughout the entire temperature range of our measurements. At the
lowest Ty, = 20 mK, T, =24 mK. Details are shown in Supplementary
Information Section 5and can be found in our previous work>>*"%,
To clarify our findings at elevated temperatures, as depicted in
Fig.4,we analysed the two-dimensional heat current flowing through
collective excitations. At lower temperatures, it is reasonable to assume
that heat transport occurred ballistically through collective excitations
of isospinor phonons®. For linearly dispersive excitations, the thermal

conductance canbe expressed approximately as WT%/v (ref.30), where
Wandvrepresent the width of the device and the velocity of the excita-
tions, respectively. In Fig. 5, we have plotted the extra contribution to
the thermal conductance (extracted from the measured total thermal
conductance in Fig. 4, excluding the electronic part) as a function of
the bath temperature, using solid circles. The data are fitted well by
2.7 x107° x T*3, as indicated by the solid black line. The power exponent
ofaround 2 implies that the extra contribution to the thermal conduct-
ance arose from collective excitations. However, the absence of a dis-
cernible difference between scenario 1 without the v= 0 state and
scenario 2 with the v= 0 state suggests that the primary origin of the
extra contribution at the elevated temperature was from phonons
(Ggh). Note that the thermal conductance from ballistic phonons was
expected to exhibit a 7> dependence. However, the observed power
exponent of greater than 2 suggests the influence of electron-phonon
coupling (Ggph), which facilitated heat loss from the hot electrons of
the floating metal to the phonons within the metal. The G¢P"was antici-
pated to have a higher power exponent (7%, where a = 4-5)*, Addition-
ally, the quadratically dispersive flexural modes of graphene can result
indifferent power dependencies. Future studies are necessary to fully
understand the power exponent at elevated temperatures.

Discussion

According toref. 1, the four ground states of the v = 0 state are CAF,
PLP, FLP and F. Among these, the excitations remain gapped for FLP
andF, whereas CAF and PLP are expected to support gapless collective
excitations, as suggested by ref. 30. Notably, around T, = 100 mK, the
thermal conductance fromthe gapless collective excitationsis nearly
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Fig. 4| Thermal conductance data at higher temperatures. a-c, Excess
thermal noise S, measured as a function of the source current at temperatures
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AT plotted for 80 mK (d), 300 mK (e) and 500 mK (f). To calculate the thermal
conductance, the data were fitted linearly (solid blue line) in asmall AT range. The
solid black line represents the expected electronic contribution of the thermal
conductance.
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Fig. 5| Contribution of phonons. Further contribution of thermal conductance
as afunction of bath temperature, shownin red solid circles. The solid black line
is the best fit with 72>,

twice that of an electronic edge channel® (Supplementary Information
Section 8). Therefore, the absence of any thermal conductance in the
v=0statein devices 1and 2 suggests the following scenarios (details
in Supplementary Information Sections 6 and 7):

(1) The ground state could be either FLP or F. However, the electri-
callyinsulating nature of the v = O state rules out the F phase. The
FLP phase is also unlikely, as the measurements were conducted
at zero displacement field, and the BLG was not aligned with the
hBN substrate*°, as indicated by the temperature-dependent
resistance data (Supplementary Fig. 3).

(2) Thegroundstate could be CAF, whichwas the phase most expect-
ed for our devices based on existing transport experiments'*%4°
and theories"*°. However, recent scanning tunnelling micros-
copy experiments®**>** suggest that the phase could be PLP or
even a coexistence of CAF+PLP, as suggested by recent theories’.
Although ref. 30 indicates that collective excitations for the PLP
phase are gapless, higher-order interactions are expected to
break the U(1) valley symmetry down to C3, thereby gapping the
would-be Goldstone mode***, For the same reason, a gapped

spectrum was also expected for the coexistence CAF+PLP
phase’.

(3) If the ground state is the CAF phase, gapless excitations would
be anticipated due to spontaneously broken continuous sym-
metry. However, the spectrum of CAF may be gapped due to the
quantization of collective modes arising from the finite size of
the device, an effect observed in BLG devices?. The upper limit
of the gap due to this confinement could be as substantial as
350-650 mK for our device dimensions (see Supplementary In-
formation Section 8 for details).

(4) There might be insufficient coupling between the hot electron
bath of the metal and the collective excitations of BLG. Howev-
er, this is unlikely for our devices, as the metal contacts tend to
locally n-dope the BLG flake**. Thus, the hot electrons of the
reservoir extend into the BLG, potentially enhancing the cou-
pling to collective excitations. For instance, the local n-doping
confines the edge channels near the contacts, and the tunnelling
of electrons between edge channels with opposite spin can gen-
erate and absorb collective excitations. Details can be found in
Supplementary Information Section 9.

Therefore, itis most probable that the gap in the excitation spectra
ofthe PLP phase (due to C3 symmetry breaking) or the CAF phase (due
to quantization from finite size) inhibited heat transport, resulting in
the absence of thermal conductance at lower temperatures. At elevated
temperatures, these gaps could be overcome. However, at higher tem-
peratures, phonons become dominant, asillustrated in Fig. 5. At1K, the
phonon contributionis more than an order of magnitude greater than
the expected contribution from the collective excitations of the CAF
phase®’. A similar experiment conducted with MLG* also found that the
bulk heat flow vanishedinthe v= 0state, suggesting an analogy between
MLG and BLG. These findings point to potential commonalities in the
absence of heat flow in the v= 0 state in both MLG and BLG, highlight-
ing the need for further theoretical and experimental efforts to fully
understand the nature of excitations in the v = O states of MLG and BLG.

Conclusion
Inconclusion, our study explored thermal transport measurements of
thev=0QH ferromagnetstatein BLG by varying the bath temperature
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under different displacement fields. The absence of a notable contribu-
tion to thermal conductance from the v= 0 state at zero displacement
field suggeststhe presence of gapped excitationsin the device. Thiswork
demonstrates the importance of thermal transport measurement for
exploringelectrically insulating ground states and their collective exci-
tations inbulk phases within theinteger and the fractional QH regimes.
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Any methods, additional references, Nature Portfolio reporting sum-
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Method

Device fabrication and measurement scheme

In our experiment, an encapsulated device (heterostructure of hBN/
BLG/hBN/graphite/hBN/graphite) was made using the standard
dry-transfer pick-up technique®. Fabrication of this heterostructure
involved the mechanical exfoliation of hBN and graphite crystals onto
an oxidized silicon wafer using the widely used the Scotch tape tech-
nique. First, a hBN sample of thickness ~25-35 nm was picked up at
90 °Cusing a polydimethylsiloxane stamp coated with poly(bisphenol
Acarbonate) and placed onaglass slide that was attached to the tip of a
home-built micromanipulator. This hBN flake was placed on top of the
previously exfoliated BLG. The BLG was picked up at 90 °C. The next
step involved picking up the bottom hBN layer (-30-50 nm). Following
the previous process, this bottom hBN was picked up using the previ-
ously picked-up hBN/BLG. Following the previous step, this hBN/BLG/
hBN heterostructure was used to pick up the graphite flake (which acted
as the local gate in the device). This heterostructure (hBN/BLG/hBN/
graphite) was used to pick up another hBN flake, which was followed by
picking up another graphite flake (which acted as a global gate). Finally,
the heterostructure was dropped onto the top of an oxidized silicon
wafer of thickness 285 nm at a temperature of 180 °C. To remove the
residues of the poly(bisphenol A carbonate), this final stack was cleaned
in chloroform (CHCI;) overnight followed by cleaning in acetone and
isopropylalcohol. After this, a poly(methyl methacrylate) photoresist
was coated onto this heterostructure to define the contact regions in
the Hall probe geometry using electron-beam lithography. Apart from
the conventional Hall probe geometry, we defined aregion of -5.5 um?
areain the middle of the BLG flake, which acted as a floating metallic
reservoir upon edge contact metallization. After the electron-beam
lithography, reactive ion etching (mixture of CHF;and O, gas with flow
rates of 40 and 4 sccm, respectively at 25 °C with a radio-frequency
power of 60 W) was used to define the edge contact®. The etching time
was optimized such that the bottom hBN layer did not etch completely
toisolate the contacts from graphite flakes, which were used as gates.
Finally, Cr/Pd/Au (4/12/70 nm) was thermally deposited in an evapora-
tor chamber under abase pressure of -1-2 x 107 mbar. After deposition,
alift-off procedure was performedin hot acetone and isopropylalcohol.
This resulted in a Hall bar device with the floating metallic reservoir
connected to both sides of the BLG by the edge contacts. The device’s
schematics and measurementset-up are shownin Fig. 1b. The distance
from the floating contact to the ground contacts was ~5 pm (see Sup-
plementary Information Section 1for optical images).

For the device structure with ametallic top gate,ahBN/BLG/hBN/
graphite heterostructure was created. Standard Hall bar geometry
with a metallic floating contact in the middle was fabricated. Finally,
a 5-nm-thick oxide layer of Al,O, was evaporated onto the device, fol-
lowed by deposition of aluminium metal, which acted as the local top
gate. All measurements were done in a cryo-free dilution refrigera-
tor at a base temperature of ~20 mK. The electrical conductance was
measured using the standard lock-in technique, whereas the ther-
mal conductance was measured with noise thermometry based on
an LCR-resonant circuit at a resonance frequency of ~725 kHz. The

signal was amplified by a home-made preamplifier at 4 K followed by
aroom-temperature amplifier, and finally measured by a spectrum
analyser. Details of the measurement technique are discussed in the
Supplementary Information Sections 4 and 5. The QH responses of
the three devices are shownin Supplementary Information Section 2.
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