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Heat transport by electrons has been central to the study 
of materials ever since the pivotal measurements of 
Wiedemann and Franz1. For weakly interacting electronic 

systems such as normal metals, the ground state is described by 
Landau’s Fermi liquid paradigm, and electronic charge and heat 
flow are intimately connected, giving rise to the Wiedemann–Franz 
(WF) law. If interactions are sufficiently strong, weakly interacting 
charged quasiparticles no longer describe system behaviour and the 
WF law breaks down. Notable examples of such strongly interacting 
systems include quasi-one-dimensional materials2, metallic ferro-
magnets3, heavy fermion materials4, underdoped cuprates5 and the 
charge-neutral point of graphene6, all cases related to the emergence 
of non-Fermi liquid behaviour due to strong interactions.

In low-dimensional systems, such as two-dimensional (2D) 
quantum materials and one-dimensional (1D) nanowires, these 
electronic interaction effects (including spin) are enhanced. A 
growing number of strongly correlated states involving interactions 
and topology have been identified, including 1D and 2D electron 
Wigner crystals7–9, strongly correlated insulators and superconduc-
tors in twisted 2D heterostructures10, and 2D magnets11. Thermal 
transport experiments are of immediate interest to clarify the nature 
of these materials12. Furthermore, the growing technological rele-
vance of 1D and 2D materials demands an experimental probe of 
electronic energy transport and dissipation properties, separated 
from other degrees of freedom.

Accessing electronic thermal transport is challenging due to the 
prevailing phonon contribution13. In bulk materials, the electronic 
contribution can be extracted by extrapolation to the low temperature  

limit where the phonon contribution rapidly decays5, by using a 
magnetic field to separate the electronic contribution with the ther-
mal Hall effect2 or by chemical doping to re-enter the WF regime 
and thereby estimate the phonon contribution in an isostructural 
sample4. Electronic thermal transport has also been successfully 
isolated in some mesoscopic systems, notably quantum Hall sys-
tems14–17, single-electron transistors18 and atomic contacts19,20, by 
implementing electronic thermometry specific to the system of 
study6,21–24. However, for low-dimensional materials, such as 2D 
van der Waals monolayers25 and 1D nanotubes26 and molecular 
junctions27,28, existing techniques are dominated by phonon trans-
port and a method that quantitatively isolates the electronic contri-
bution is yet to be realized.

Multi-terminal noise and non-local thermometry
We approached this problem using Johnson–Nyquist noise, the 
fluctuations of voltage or current arising due to the finite tempera-
ture of electrical conductors29,30. Classically, the voltage fluctuations 
of a resistor are given by

〈

V

2

〉

= 4k

B

TRΔf,

where kB is the Boltzmann constant, T is the temperature, R is the 
electrical resistance and Δf is the measurement frequency band-
width. Johnson–Nyquist noise is independent of the material type, 
size or shape, operating over a wide frequency band and temperature 
range, and is thus widely used in fundamental science and appli-
cations31. In two-terminal mesoscale samples, Johnson–Nyquist 
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noise can be used to measure electronic thermal conductance using 
self-heating21,22,32,33, in which Joule power dissipated in a resistor is 
balanced by energy loss channels, generating a measurable tempera-
ture rise. Recently, this approach was used for graphene21,22,32,33, in 
which electronic diffusion cooling governs energy loss over a wide 
temperature range, allowing electronic thermal conductance to be 
measured to T > 100 K. However, because the device under test is 
simultaneously the thermometer, this approach is limited to dif-
fusive conducting states with low energy loss to phonons and low 
contact resistance, restricting its use to graphene. A thermal trans-
port measurement that applies to other materials and non-diffusive 
conduction requires a minimum of two temperature inputs to spec-
ify the temperature gradient driving energy flow. We thus require 
a multi-terminal approach, in which the local temperatures of two 
points along a device are measured by the fluctuations of the cor-
responding local resistors.

The multi-terminal generalization of Johnson–Nyquist noise can 
be found by considering the noise in diffusive multi-terminal con-
ductors. An example is shown in Fig. 1a. A conducting system is 
connected to multiple leads held at a bath temperature. The leads 
may be grounded or floating. Current is injected through one of 
these leads, causing Joule heating of the system. In the limit that 

electrons generate a local temperature through strong equilibration, 
known as the hot electron regime, it has been theoretically shown34 
that the noise power measured between any two terminals n and 
m is given by 

S

nm

=

∫

∞

−∞
dt〈δI

n

(t) δI

m

(t)〉 =
∫

drg

nm

(r)T
e

(r). 
Here, t is time, δIn and δIm are the fluctuation currents, r is a loca-
tion in the conductor, Te(r) is the local electronic temperature and 
gnm(r) is a geometry-dependent local weighting function defined as

g

nm

(r) = ∇ϕ

n

· σ̂∇ϕ

m

,

where σ̂ is the local conductivity and ϕn and ϕm are character-
istic potentials associated with each terminal of the device (see 
Supplementary Section 4 for further details). This relationship 
holds if the energy supplied by Joule heating remains in the elec-
tronic degrees of freedom and energy losses to phonons and other 
heat sinks are negligible. Under these conditions, the noise emit-
ted at any terminal is closely related to the energy transported to 
that region of the device and the resulting electronic temperature 
distribution.

For thermal conductance measurement, we sought to realize the 
thermal circuit sketched in Fig. 1b, in which two measured tempera-
tures, the hot side temperature T

H

= T

bath

+ ΔT

H

, where Tbath is the 
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Fig. 1 | Nonlocal noise thermometry in multi-terminal devices. a, Schematic of multi-terminal noise measurement. A diffusive, conducting electron system 
is connected to terminals held at a bath temperature Tbath. Current is injected into one terminal and escapes through a ground, while other terminals 
are floating. Finite-element simulation of the temperature and current distribution assuming a uniform conductivity is shown in the colour scale and 
streamlines, respectively. In the absence of energy loss to phonons, the noise Snm measured at any two terminals is given by a weighted function of the 
electronic temperature distribution Te(r) (see main text). b, Thermal circuit for a thermal conductance measurement. Joule power PJ

H

 is injected into a 
hot side reservoir connected by thermal resistance Rth

H

 to Tbath. The bridge thermal resistance Rth
bridge

 allows thermal current Q to cross from the hot to the 
cold side, connected to the bath by Rth

C

. c, Circuit and geometry for non-local noise thermometry. Box I (blue, centre) shows a finite-element simulation 
of the device geometry. Joule power is dissipated on the hot side (left, wide rectangle) due to injected current density (streamlines). Thermal current is 
transported across the bridge while the electrical current across the bridge Ibridge is zero, causing heating of the cold side (right, narrow rectangle). Box 
II (green), box III (yellow) and box IV (red) correspond respectively to the balanced matching circuit, the balanced current excitation and resistance 
measurement, and the noise measurement amplification chain (see Methods for details). d, The upper image of the centre panel shows an optical image of 
the device (shown before top gate deposition for clarity). Scale bar, 1!µm. A simplified schematic of the measurement set-up shown in c is overlaid on the 
optical image, showing the hot side current excitation and hot/cold side noise measurement. The lower image shows a device stack consisting of graphene 
encapsulated in hBN layers. The left (right) graph displays the hot (cold) side noise power and calibrated temperature change ΔTH (ΔTC) versus the applied 
Joule power, PJ

H

, at Tbath!=!4.8!K and fixed hot and cold side gate voltages at two values of bridge electron density (solid and dashed lines, corresponding 
to −8.0!×!1011!cm−2 and −1.6!×!1011!cm−2, respectively). On the hot side (left), ΔTH shows nearly identical rises for the two density values, owing to a small 
amount of power escaping across the bridge, whereas ΔTC, which is far smaller, strongly depends on the bridge electron density, evidencing a difference in 
thermal current across the bridge.
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bath temperature and ΔTH is the hot side temperature change upon 
Joule heating, and the cold side temperature T

C

= T

bath

+ ΔT

C

, 
are combined with the energy current Q across a bridge between 
two thermometers to give the two-terminal thermal conductance 
G

th

bridge

=
Q

T

H

−T

C

. To accomplish this with multi-terminal noise, 
we used the geometry shown in the central panel of Fig. 1c. The 
device possesses four terminals divided into two pairs. Each pair 
contacts a rectangular conducting region, defining two diffusive 
electronic thermometers. A bridge connects the two rectangular 
thermometers at their midpoints and serves as the material of inter-
est, which need not be diffusive. The wider rectangle on the left 
serves as the hot side, where diffusive electrons are Joule-heated by 
an injected low-frequency current. To avoid directly Joule-heating 
the bridge and cold side, the heating circuit is balanced such that 
only energy current Q and no electrical current traverses the bridge 
(see Supplementary Section 2 for details). The bridge width is nar-
row compared with the length of the hot side such that it obtains a 
thermal bias at the peak of the hot side temperature distribution. 
The narrow right-most rectangle serves as the cold side. Energy 
current across the bridge heats the cold side at its centre point and is 
equilibrated at the cold contacts, generating a peaked temperature 
distribution and non-local voltage fluctuations. The narrow cold 
side design optimizes sensitivity by maintaining a maximal average, 

whereas the wide hot side ensures a local temperature distribution 
that is insensitive to the bridge. This geometry can be generalized to 
multi-thermometer set-ups such as for thermal Hall measurement 
by appending two-terminal thermometers at other points along the 
bridge (Supplementary Section 9).

Each thermometer should measure the local temperatures TH and 
TC without cross-contamination of signals, despite being in electrical 
contact. In a two-terminal rectangular geometry with uniform con-
ductivity, the local weighting function gnm(r) is well-approximated 
to a constant and Snm is proportional to the average Te(r). To main-
tain this constant weighting in the multi-terminal case, we defined 
a differential noise correlator Sn–m,n–m for which the contribution 
from the bridge cancels and the measured noise is proportional to 
the temperature average on either side: 

S

H

∝
∫

H

drT

e

(r) and like-
wise for the cold side (see Supplementary Section 4.1 for a detailed 
discussion). We achieved this by implementing differential noise 
thermometry35, in which differential thermal noise is amplified, 
bandpass-filtered and frequency-integrated, resulting in a voltage 
signal proportional to the total noise power in a frequency band, 
with non-overlapping bands chosen for the hot and cold sides  
(Fig. 1c, Methods and Supplementary Section 10). The geometry and 
circuit together allow for the isolation of the heat transport-induced 
non-local noise (Supplementary Section 4.1). To achieve an  
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Fig. 2 | Electronic thermal conductance of graphene. a, Hot side temperature change ΔTH versus bridge gate voltage Vbridge

g

 at fixed hot and cold side 
gate voltages Vhot

g

 and Vcold

g

 (top). Corresponding cold side temperature change ΔTC versus bridge gate voltage Vbridge

g

 (bottom). Tbath!=!5!K (blue), 20!K 
(yellow) and 30!K (red); this colour code applies to all graphs in b. The inset shows the optical image of the hBN-encapsulated graphene device after top 
gate deposition, overlaid on a schematic circuit diagram. Scale bar, 1!µm. Current is injected into the hot side at frequency f, and the resulting modulated 
noise power on the hot and cold sides is measured to yield the temperature changes ΔT

2f

H

 and ΔT

2f

C

. b, Four-point electrical resistance of the bridge, 
Rbridge, versus Vbridge

g

 (bottom axis) and bridge carrier density nbridge (top axis) at Tbath!=!5, 20 and 30!K (top graph). In this temperature range, the resistance 
is nearly temperature-independent. An excess resistance near Vbridge

g

!=!0 at the lowest measured temperature arises due to induced disorder of the 
atomic layer-deposited insulating layer beneath the top gates. Thermal conductance of the bridge Gth

bridge

, deduced from the temperature changes and 
the independently measured cold side thermal conductance (see main text), versus Vbridge

g

 at Tbath!=!5, 20 and 30!K (middle). Lorenz ratio of the bridge, 
Lbridge/L0, versus Vbridge

g

 at Tbath!=!5, 20 and 30!K (see main text for definition and discussion; bottom).
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accurate measurement of the transported energy, we had to ensure 
low electron energy loss to phonons in the thermometers. Graphene 
possesses several properties that are well-suited to electronic ther-
mometry6,21,22,32, including strong interactions, exceptionally low 
energy loss and small electronic thermal conductance (Methods). 
By defining local electrostatic gates for the hot and cold sides and 
exploiting tunable environmental disorder, graphene can be tuned to 
a diffusive regime, allowing for Joule heating and accurate noise ther-
mometry on the hot and cold sides independent of the bridge state.

Electronic thermal transport in 2D graphene
As a first demonstration of electronic thermal transport measure-
ment using non-local noise, we employed graphene as the bridge 
connecting graphene thermometers in a monolithic multi-terminal 

graphene device. Figure 1d shows an H-shaped graphene device 
encapsulated in insulating hexagonal boron nitride (hBN). The 
device was etched to define the hot, cold and bridge regions. A 
low-frequency current was injected into the hot side, dissipating 
Joule power PJ

H

. As the power was increased, the measured noise 
power increased monotonically, resulting in a corresponding 
change in the measured temperature that was linear at low Joule 
power (Fig. 1d, left). For two different bridge electron densities, 
the hot side temperature change was effectively identical, indicat-
ing that only a small fraction of the total applied Joule power was 
transported across the bridge. The temperature change on the cold 
side (Fig. 1d, right), in contrast, was far smaller: for ΔTH = 0.6 K, we 
observed ΔTC = 20–30 mK, as expected for a small energy current 
across the bridge, and depended strongly on the bridge density.

Similar to the electrical conductance, the thermal conductance 
of the graphene bridge can be controlled by a voltage applied to a 
local gate. For this purpose, we fixed the applied power in the linear 
response regime and tuned the bridge electron density using a local 
metal gate on the bridge, Vbridge

g

 (Fig. 2a, inset). The hot and cold 
side gates were held fixed at values that maintained the thermom-
eters in a diffusive regime. The hot side temperature change (Fig. 2a, 
top) was observed to be independent of the bridge density at three 
different bath temperatures. The cold side temperature change (Fig. 
2a, bottom), in contrast, varied strongly as a function of the bridge 
gate, and showed a distinct trend that was reproduced at the three 
bath temperatures. Comparison with the four-point electrical resis-
tance of the bridge (Fig. 2b, top) revealed that the Dirac peak of the 
graphene bridge, where resistance is maximal, corresponds to the 
minimum in ΔTC, reflecting a thermal conductance modulation of 
the bridge with density.

To quantify the thermal conductance from the two measured 
temperatures, we require the energy current Qbridge. Because energy 
loss to phonons in the graphene cold side thermometer is negligible, 
it can be shown that

Q

bridge

=

2

3

G

th

C

ΔT

C

,

where Gth

C

 is the thermal conductance of the cold side graphene 
measured by self-heating36 (see Supplementary Section 4.2 for the 
derivation). Crucially, the cold side graphene serves both as a ther-
mometer and a power meter. This can be understood by considering 
the effective thermal circuit of the device (Fig. 1b). In this model, 
ΔTH,C can be computed as a function of the total input power Qin 
and the three thermal resistors, from which we obtain

G

th

bridge

= G

th

C

′ΔT

C

′
/ (ΔT

H

′ − ΔT

C

′) ,

showing that Q
bridge

= G

th

C

′ΔT

C

′ (the primed quantities refer to 
the circuit model; see Supplementary Section 5 for the connection 
between the thermal circuit and device). This result originates in the 
negligible energy loss to phonons. Thus, the temperature rise com-
bined with the local thermal conductance accounts for all the power 
impinging on the cold side. This analysis can be extended to the 
case where electron–phonon coupling of the graphene thermom-
eters is present, such as at high temperatures (T > 70 K), because the 
electron–phonon energy loss can be directly measured in the same 
set-up and accounted for quantitatively (Supplementary Section 
6)6,21,22. Here, we restricted ourselves to the low-temperature regime 
where electron–phonon coupling in the thermometers is negligible 
(see Supplementary Section 14 for an example at higher temperature 
where electron–phonon coupling is present).The resulting thermal 
conductance of the bridge exhibited a strong anticorrelation with 
the electrical resistance (Fig. 2b, middle). This observation can be 
made precise by computing a Lorenz ratio from the conductances, 
defined in analogy to the WF law as
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g
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g
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g
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hopping model (see main text). b, Log–log linearizing plot of NT thermal 
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to Device 1 with Tbath!=!6!K and VNT

g

!=!–10!V, and Device 2 with Tbath!=!30!K 
and VNT

g

!=!–19.9!V, respectively. The red lines represent fits to the plasmon 
hopping model. The inset shows a schematic diagram of the plasmon 
hopping process, in which thermal electron density fluctuations are coupled 
across a barrier through long-range interactions, allowing the transport of 
energy even in an insulating system. c, Extracted exponents of the plasmon 
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=
π
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(

k

B

e

)

2

 is the Lorenz number, where kB is the 
Boltzmann constant and e is the electron charge. The Lorenz ratio at 
Tbath = 5 K (Fig. 2b, bottom, blue curve) was close to 1 for the entire 
gate voltage range. This result demonstrates conclusively the ther-
mal transport origin of the measured noise, validates the analysis 
methodology and indicates the negligible effect of phonons, radia-
tion and contact resistance in this regime (Supplementary Sections 
11 and 13).

At higher temperature, we found a density-dependent viola-
tion of the WF law, indicating the breakdown of a simple diffusive 
electronic system. At Tbath = 20 and 30 K, the Lorenz ratio was sup-
pressed away from the Dirac point, exhibiting a local minimum and 
saturating at an intermediate value. Electron–electron interactions 
are predicted to suppress the Lorenz ratio away from charge neu-
trality37–43. This is a sign of the onset of a hydrodynamic regime, 
recently discovered in graphene44, in which electron–electron inter-
actions scatter energy current while conserving charge current. 
Interactions combined with disorder lead to different signatures: 
with long-range disorder, the Lorenz ratio is suppressed at high 
density39, whereas with short-range disorder it is suppressed in a 
lower density regime40. The local minimum and high-density sup-
pression of the Lorenz ratio thus point to a disordered hydrody-
namic regime42,43.

Thermal transport in 1D carbon nanotubes and Coulomb 
blockade
We now show that this method can be generalized to probe other 
low-dimensional materials. Graphene has previously been used as 
a contact intermediary for low-dimensional materials for which 
metallic contact is difficult to achieve45–48. By replacing the gra-
phene bridge with a different material of interest, thermal contact 
may be established between the two graphene thermometers and 
a low-dimensional material bridge. To test this idea at its ultimate 
limit, we bridged two graphene thermometers with a carbon nano-
tube (NT), as shown in Fig. 3a (we consider an insulating, bulk 
material, RuCl3, in Supplementary Section 14). Carbon NTs are 
one-dimensional metals or semiconductors, depending on their 
atomic structures49. We grew carbon NTs, individually characterized 
them and incorporated them into graphene devices (Methods)50,51. 
In these devices, the graphene thermometers were not covered with 
hBN to ensure electrical contact between the graphene and the NTs. 
As a result, the graphene thermometers were more disordered than 
fully encapsulated devices and experienced more energy loss at our 
operating temperatures (Supplementary Section 7). The thermal 
quantities presented here are thus lower bounds.

The electrical and thermal conductances, GNT and Gth

NT

, of 
a NT device (Device 1) were measured as a function of the volt-
age VNT

g

 applied to a local metal gate above the NT (Fig. 3b). At 
Tbath = 70 K, the electrical conductance exhibited a global minimum 
at VNT

g

 ≈ 15 V, corresponding to a small gap in the electronic spec-
trum. The thermal conductance exhibited a similar feature. As the 
temperature was lowered, rapid modulations were observed in 
both the electrical and thermal conductance, becoming more pro-
nounced at lower temperature. Throughout, we found that GNT and 
G

th

NT

 closely follow each other. The rapidly varying oscillatory con-
ductance is indicative of the onset of Coulomb blockade through the 
disordered, substrate-supported NT52. For temperatures above the 
Coulomb blockade regime, the electrical conductance was nearly 
temperature-independent, evidencing the previously discovered 
weak electron–phonon interactions in carbon NTs (Supplementary 
Section 13). In a second device (Device 2) with a larger bandgap 
and higher channel resistance (Fig. 3c), the device is in a disordered 

Coulomb blockade regime and exhibited sharper peaks alternating 
with vanishing electrical conductance at lower temperatures (Fig. 
3c, bottom, inset). The thermal conductance trends with the elec-
trical signal, despite the much higher channel resistance, greater 
than 1 MΩ, corresponding to GNT ≈ 10–3e2/h, where h is Planck’s 
constant. The corresponding thermal measurement is accurate 
down to ~1% of the thermal conductance quantum π

2

3

k

2

B

h

T  at 5 K 
(see Supplementary Section 12 for Device 1 data at 5 K). The mea-
surement of electronic thermal transport in a system with far less 
than a single open quantum channel demonstrates the exceptional 
sensitivity of the graphene noise thermometers in our experiment.

The relation between GNT and Gth

NT

 can be described quantita-
tively by considering the Lorenz ratio

L

NT

/L

0

= G

th

NT

/L

0

TG

NT

,

For Device 1, with higher conductance, the Lorenz ratio was sub-
stantially above 1 for all the gate and temperature ranges measured 
(see lower panels of Fig. 3b), indicating a WF violation. This is 
consistent with previous measurements in quasi-1D systems and 
with several theoretical predictions2,53–55. Close inspection revealed 
that LNT/L0 exhibits peaks whenever the electrical conductance 
shows a dip, suggesting enhanced thermal conduction when elec-
trical conduction is suppressed. In Device 2, with higher resis-
tance, this enhanced thermal conduction is more clearly visible 
by plotting the inverse Lorenz ratio (LNT/L0)–1, which is strongly 
positively correlated with the electrical conductance (Fig. 3c). This 
gate dependence rules out an extrinsic contact resistance as the 
source of the Lorenz ratio behaviour (Supplementary Section 11). 
The observed correlation of (LNT/L0)–1 with GNT suggests the pres-
ence of a channel of excess thermal conduction that does not rely 
on direct electron transport.

One-dimensional plasmon hopping through long-range 
interactions
To account for a heat transport channel that is active even with sup-
pressed electrical conduction, we propose here a model for plas-
mon hopping mediated by Coulomb interactions. The long-range 
Coulomb interaction has a measurable effect on many NT prop-
erties9,56,57. We considered a minimal model of a 1D conductor 
separated into two parts by an impenetrable barrier. In the absence 
of electron transport, energy transport by hot electrons cannot 
be achieved. However, a long-range interaction allows for energy 
transfer across the barrier even in the absence of direct charge tun-
nelling. In this case, hot plasmons (density fluctuations) induce 
fluctuations across the electron barrier, leading to an energy current 
(Fig. 4b, inset). With Coulomb interactions, the plasmon hopping 
energy current obeys

Q ∝ T

2

H

− T

2

C

,

while in the presence of screening by a nearby metal gate, the result 
is modified to Q ∝ T

4

H

− T

4

C

 (see Supplementary Section 8 for a 
detailed calculation).

We further tested long-range plasmonic energy transport in the 
NT devices by considering nonlinear thermal transport. We relaxed 
the condition ΔT

H

! T

bath

 of the previous measurement by mea-
suring the NT energy current QNT up to a large thermal bias ΔTH. 
This measurement is the thermal analogue of a current–voltage 
curve in electrical measurements. Figure 4a shows QNT as a function 
of ΔTH/Tbath at representative gate voltages for Devices 1 and 2, with 
QNT showing a superlinear increase for all measured gate voltages 
and bath temperatures. Figure 4b shows a log–log plot of QNT + Q0 
versus (ΔTH + Tbath)/Tbath, where Q

0

= aT

p

bath

 is a fitting parameter 
with a corresponding to the proportionality constant of the expres-
sion Q

NT

∝ T

p

H

− T

p

C

. The highly linear scaling observed suggests 
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that QNT follows the power law behaviour above with well-defined 
p. The slope of this plot provides p, which lies in the range 2–6, 
depending on the NT resistance RNT (Fig. 4c). For the more resistive 
NT of Device 2, for which RNT ≫ h/e2, p ≈ 4, suggesting that once the 
electron transmission coefficient is far less than 1 and tunnelling 
becomes suppressed, plasmon hopping through screened Coulomb 
interactions may make an important contribution to heat transport. 
For the highly conductive NT of Device 1, RNT ≈ h/e2 and p ranges 
from 2 to 4. In this regime, electron transport is non-negligible, 
necessitating further theoretical modelling. We also note that our 
experimental observations cannot be described by an existing the-
ory58 in a disordered Luttinger regime with short-range interactions 
only, which predicts Q ∝ (T

H

− T

C

)

4

3 and gives p < 2. At a high 
conductance and high temperature point, we determined that p ≈ 6, 
indicating the possible presence of additional energy transport 
mechanisms. The observed superlinear behaviour, and the associ-
ated exponents, are not explained by extrinsic effects such as contact 
resistance (see Supplementary Section 11, other parasitic contribu-
tions are ruled out in Supplementary Section 13). Our observations 
motivate future work to understand the interplay of long-range 
interactions and 1D electron and heat transport.

Conclusions
In conclusion, we have demonstrated the measurement of non-local 
voltage fluctuations induced by electronic thermal transport. 
Using graphene noise thermometers, we conducted a series of 
high-sensitivity electronic heat transport experiments in 2D van der 
Waals, 1D NTs and zero-dimensional localized systems, in which 
we observed interaction effects in energy transport. In addition, 
we have demonstrated thermal transport in a microscale bulk elec-
trical insulator, RuCl3, exhibiting measurable signals of magnetic 
thermal transport and a crossover to the phonon-coupled regime 
(Supplementary Section 14). Our approach enables the study of 
electronic thermal transport in a wide variety of low-dimensional 
systems that were previously out of reach.
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is largely absent. Because of its 2D nature, graphene possesses small electronic 
thermal conductance compared with three-dimensional bulk materials and is thus 
sensitive to small quantities of injected energy62–64.
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Methods
Nanotube–graphene device fabrication. Carbon NTs were grown in a chemical 
vapour deposition (CVD) furnace following the method described previously50. 
#e growth substrate consisted of a 5 × 5 mm2 silicon chip with a slit in the centre, 
oriented perpendicular to the gas !ow direction. Cobalt molybdenum catalyst 
was applied on one side of the slit, so that the NTs grew suspended across the 
slit. #e suspended NTs were collected and characterized by Rayleigh scattering 
spectroscopy and imaging51. #e chiral indices (and thus diameter and metallic/
semi-conducting nature) of the NTs could be determined by matching the peaks in 
Rayleigh scattering intensity with NT optical transition energies.

Heterostructures of monolayer graphene on top of a 20–60 nm boron nitride 
flake were prepared using the inverted stacking technique. A 200–500-nm wide, 
>10-μm long slit was then created in the graphene by defining a poly(methyl 
methacrylate) (PMMA) mask using electron beam (e-beam) lithography and 
etching with O2 plasma in a reactive ion etcher. A second e-beam lithography step 
defined a resist-free window above the heterostructure, while the rest of the chip 
remained coated in ~100 nm of resist. The chip and PMMA-coated sample were 
pressed together until mechanical contact was observed, then heated at 180 °C for 
5 min to melt the resist. The chips were then cooled to 90 °C and slowly separated. 
Successful NT transfer was confirmed by electron microscopy or atomic force 
microscopy imaging.

Following NT transfer, electrical contacts were made at the edges of the 
graphene following the method reported previously59. The unwanted sections of 
the heterostructure were removed by reactive ion etching with CHF3. An insulating 
layer of 120 nm SiO2 was made above the NT by e-beam lithography of hydrogen 
silsesquioxane resist and development with CD-26 developer. A final e-beam 
lithography step defined the mask for the local top gate above the NT, which 
was formed by thermal evaporation of 3 nm Cr/7 nm Pd/70 nm Au (using an 
angled, rotating stage to mitigate height differences between different parts of the 
structure).

Differential noise thermometry with graphene. Each thermometer 
should measure the local hot and cold side temperatures TH and TC without 
cross-contamination of signals. Single-ended amplification of the hot and 
cold side noise power, SH and SC, would mix signals from either side due to a 
common ground and cause direct Joule heating of the cold side if the bridge were 
electrically conducting (Supplementary Section 3). We therefore implemented 
a differential noise thermometry measurement, described in detail elsewhere35. 
Briefly, each terminal pair was connected to a balanced matching circuit that 
couples high-frequency signals into a differential low-noise amplifier (Fig. 1c). 
The resonant frequencies for the two matching circuits, between 100 MHz and 
1 GHz, were chosen so as to have a frequency difference several times the circuit 
bandwidth, so that the hot and cold noise signals were mutually filtered and 
cross-correlations were suppressed. The amplified signals were bandpass-filtered 
and amplified at a second stage and sent through a power detector that generates 
a voltage proportional to the integrated high-frequency noise spectral density 
(Supplementary Section 10). By applying a low-frequency current at frequency 
f, the system was heated by Joule power at frequency 2f, and the output voltage 
was amplitude-modulated at frequency 2f. We isolated the change in noise power 
amplitude due to the applied Joule power using lock-in amplifiers. After calibration 
(Supplementary Section 1), the 2f noise power voltage signal was converted into a 
temperature rise, ΔTH,C. Previously, we have shown this measurement can achieve 
sub-millikelvin precision in 30 s averaging time35.

For thermal conductance measurement, the noise thermometer should have 
negligible energy loss. Graphene possesses a combination of properties that 
suit this purpose. Strong electron–electron interactions allow for thermalized 
temperature distributions down to sub-micrometre length scales60,61. The light 
carbon lattice and stiff bonding result in weak electron–optical phonon coupling, 
while the large mismatch between the Fermi and sound velocities puts acoustic 
phonons in the quasi-elastic scattering regime in which energy loss is low6. The 
small Fermi surface around the Dirac point yields negligible Umklapp scattering, 
and the exceptional chemical cleanliness means inelastic impurity scattering 
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