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Hole-conjugate states of the fractional quantum Hall effect host counterpropagating edge channels
which are thought to exchange charge and energy. These exchanges have been the subject of extensive
theoretical and experimental works; in particular, it is yet unclear if the presence of integer quantum Hall
edge channels stemming from fully filled Landau levels affects heat equilibration along the edge. In this
Letter, we present heat transport measurements in quantum Hall states of graphene demonstrating that the
integer channels can strongly equilibrate with the fractional ones, leading to markedly different regimes of
quantized heat transport that depend on edge electrostatics. Our results allow for a better comprehension of
the complex edge physics in the fractional quantum Hall regime.
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The fractional quantum Hall (QH) effect emerges when a
two-dimensional electron system is subjected to a strong
perpendicular magnetic field B such that the filling factor
v=n,h/eB takes fractional values (n, is the carrier
density, & Planck’s constant, and —e the electron charge).
For hole-conjugate states, it takes the form v = Ny+
1 — p/q, with N the integer part of v corresponding to
fully filled Landau levels (LLs), g an odd number, and p
such that p/q < 1/2. The edge structure for such states has
been the subject of more than 30 years of research,
originally focused on v =2/3 (such that Ny =0 and
p/q =1/3) [1,2]. Some of the earlier works proposed
the v =2/3 edge to be composed of one downstream
channel with integer electrical conductance G, = e*/h
along with one upstream channel with fractional conduct-
ance —1/3 x G, [2]. It was later proposed that interchannel
interactions and disorder-assisted charge tunneling between
the downstream and upstream channels radically change
that structure. Strong interactions give rise to a downstream
charged mode with fractional electrical conductance
2/3 x Gy and one upstream neutral mode which only
carries heat in the direction opposite to that of charge
transport [3]. This charge equilibration was then general-
ized to other fractions [4,5]. Importantly, depending on v
the numbers of downstream fractional-charged modes and
upstream neutral modes are not necessarily equal.
Following their first observation [6], neutral modes were
extensively investigated using shot noise [7-9] and local
thermometry [10] measurements.

Recently, the question of heat equilibration between
neutral and charged modes has been the center of a growing
number of works, both experimental [11-14] and theoreti-
cal [15-20]. While most experiments confirm a charge
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equilibration (see, e.g., Refs. [21,22] for notable excep-
tions), heat equilibration is much less universal. In gallium
arsenide (GaAs) based two-dimensional electron gases,
partial to full heat equilibration was first reported at v =
2/3,3/5,4/7 [11], and 8/3 [12]; however, a recent experi-
ment showed an absence of heat equilibration at v = 2/3
even for large (>300 ym) lengths [14]. Experiments in
graphene reported no heat equilibration at v = 5/3 and §/3
[13] over a few microns scale, and, very recently, the
observation of a temperature-induced heat equilibration at
v=2/3 and 3/5 [23]. This diversity of observations is
currently understood by the facts that the charge and heat
equilibration lengths can be largely different depending on
the coupling between the counterpropagating edge modes
[13], and that the ratio between the number of coupled
downstream modes N, and upstream modes N, strongly
affects the equilibration. Namely, for states with N, = N,
(e.g., v =12/3), heat equilibration is predicted to have
slow algebraic length dependence [18,19,23], and is not
observed at low temperature, even at large length scales
[14]. On the contrary, for N; # N,, it should be exponen-
tially fast [18,19,23]. However, it is still unclear whether,
for fractional v > 1, the N, integer edge channels (ECs)
stemming from the fully filled LLs participate in the heat
equilibration along the edge [17]. If so, one should include
them in the N; downstream modes, which can lead to N; #
N, in states where v = N + 2/3, radically changing heat
equilibration.

We addressed this question by probing heat transport in
graphene at filling factor v = 8/3. Figure 1(a) shows its
edge structure, with Ny = 2 integer ECs stemming from the
fully filled zeroth LL, and a v = 2/3-like pair of counter-
propagating fractional edge modes [17]. The upstream
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v = 8/3 edge structure, without heat equilibration (a), with heat equilibration between fractional modes only (b), and between

all modes (c). Full and dashed arrows: charged and neutral modes, with their chirality. Arrow color: temperature gradient in the presence
of a temperature bias: hot source (red) on the left, cold source (blue) on the right. (d) Schematic representation of the experiment, with
cold electrodes (blue) at Ty and the metallic island (red) at T'.. Red arrows: chiral edge channels, gradient-colored arrows: heat flows
going in (J;,) and out of (J,,o) the island. (e) Optical micrograph of the sample, with the experimental wiring. The encapsulated
graphene flake is shown in green. The grayed out electrodes are left floating, and the hatched electrode is used as a current feed in

cooldown 2.

mode can either exchange heat with only the fractional
downstream mode [Fig. 1(b)]. This “algebraic” case is
similar to v = 2/3, with N, = N, = 1, such that no heat
equilibration is expected at low temperature and short or
moderate lengths [13,14,23]. Conversely, the upstream
mode can exchange heat with all downstream channels
[Fig. 1(c)], such that Ny=Ny+1=3 and N, =1,
implying a much more efficient heat equilibration. This
difference is directly reflected in the heat flow, affecting the
number N of effective ballistic heat transport channels
[5,13,18,19]. In the nonequilibrated (algebraic) case, all
downstream and upstream modes are ballistic and contrib-
ute independently, yielding N = 4. In the fully equilibrated
case, the upstream mode suppresses heat transport down
to N =2.

Figure 1(d) shows our experimental principle. It was first
demonstrated in GaAs in the integer QH regime [24], and
later applied to the fractional QH effect [11,12]. Recent
experiments [13,23,25] have extended it to graphene. A
two-dimensional electron gas (here in graphene) is divided
in two regions electrically connected by a floating metallic
island, highlighted in red in Fig. 1(b). A perpendicular
magnetic field B allows reaching the QH regime, with equal
v in both regions. The dc electrical current [, is applied to
one of the cold electrodes [in blue in Fig. 1(d)], and flows
downstream via the ECs [red lines in Fig. 1(d)] to the island.
The latter evenly splits the current between the outgoing
ECs in the two regions, resulting in a net Joule power
directly dissipated into the island J;, = I3./(4vG) [24-
26]. This induces an increase in the electron temperature 7',
of the island, while all other electrodes remain at base
electron temperature 7,. The input heat flow J;, is evacu-
ated from the island through the outgoing ECs on both sides
of the island, each side carrying half of the outgoing heat
flow, J,,0/2. Each ballistic channel carries a quantum-
limited heat flow J{, = 0.5xo(T% — T3) [24,31,32], with

ko = n*k%/3h (kg is Boltzmann’s constant). Neglecting
other contributions (e.g., coupling to phonons, see below),
the heat balance simply reads J,,o = Jj,, hence

1 Ko
o =13, =2N—
"C T 4G, 2

(T2 = T¢). (1)
where N is the number of ballistic heat-carrying channels
flowing out of each side of the island (the total number thus
being 2N). For integer QH states, N equals the filling factor
v. For hole-conjugate fractional QH states, N reflects the
heat equilibration along the edge, as detailed above. N can
be directly extracted by measuring the temperature 7', and
comparing it to the input heat flow according to Eq. (1).
Figure 1(e) shows our implementation in a hexagonal
boron nitride (h-BN)-encapsulated monolayer graphene
sample. The charge carrier type and density are tuned using
a graphite back gate upon which the voltage V, is applied.
The Ti/Au metallic island has dimensions 6.8 pm x
1.25 pm x 100 nm, its distance to the closest electrodes
is ~2.5 ym, and the width of the device is ~5 um. ECs
flowing out of the two sides of the island, denoted
“reflected” (R) and “transmitted” (7") with respect to the
current feed, connect to measurement electrodes in this
order: noise, low-frequency conductance, cold ground. We
characterize charge transport by measuring the two-point
differential conductances G, = (dVg 1/ digr)™" (g are
the currents directly applied to the measurement contacts on
the R and T side), the differential transmitted and reflected
transconductances Ggr = (dVg 1/ dl4.)~" probing current
redistribution at the island, and the “longitudinal-like”
differential conductance o,, = G(% x dVyg/dl;. The latter
vanishes for well-defined QH states because the chiral
paths connecting the conductance measurement electrodes
are interrupted by a cold ground. The island’s electron
temperature increase A7, induces current fluctuations
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FIG. 2. Conductances versus V, measured at B =7 T and 7 = 10 mK for (a) cooldown 1 and (b) cooldown 2. Red (respectively,
orange): two-point conductance Gy, of the transmitted (respectively, reflected) side (see legend on the upper right corner). Gray:
longitudinal-like conductivity o,,. Lavender: reflected transconductance G. Blue: transmitted transconductance Gy. (c),(d) Close-ups
of the v = 2 — 3 transition [dashed rectangles in (a) and (b)]. The v = 8/3 region is highlighted in blue. Horizontal ticks in (d): guides
for the eyes at the expected values of G, and Gr/g. (e) Ratio between the V,, widths of the v = 1, 2, 3 (blue) and v = 8/3 (red) plateaus
between cooldown 2 and cooldown 1. The maximum of the bars corresponds to the ratio of the widths extracted from Gy, and the

minimum to the one extracted from o,.

AS = vGykg AT, in the ECs flowing out of the island, that
we detect through two independent noise measurement lines
on each side [A and B in Fig. 1(e)].

We present measurements in two consecutive cooldowns
of the same device. All connections were kept identical,
except for the current feed which was swapped between the
R side in cooldown 1 (CD1) and the T side in cooldown
2 (CD2).

Figure 2 shows conductance measurements as a function
of the gate voltage, obtained at B = 7 T, for CD1 [Figs. 2(a)
and 2(c)] and CD2 [Figs. 2(b) and 2(d)]. Well-defined QH
states, at both integer and fractional v, are characterized
by quantized plateaus in the two-point conductances
Gy = 1Gy, along with a vanishing o,,. On most of these
plateaus (except notably on v = 1/3 in CD2), Gy and Gy
have equal values, quantized to 0.5 x vGy, indicating chiral
charge transport and near-ideal current redistribution at the
island. Figures 2(c) and 2(d) show a close-up of the v =
2 — 3 transition. The width of the v = 8/3 plateau is
strongly reduced in CD2, with a nonzero local minimum
in o,,. Nevertheless, chirality and current redistribution are
still preserved: both transconductances are equal, with a
plateau at half-quantized value 0.5 x 8/3G, [26]. We super-
impose two traces in Fig. 2(d), illustrating the reproduc-
ibility of this feature.

Figure 2(e) plots the ratio between the V, widths of the
plateaus between CD2 and CDI1. These spans can be
extracted from the quantized Gy, or from the minima

in 0,,; either show that for CD2, all integer QH plateaus are
wider while v = 8/3 is markedly narrower. The V', position
of each plateau can be similarly extracted [26]; we observe
a systematic shift towards more negative V, at CD2,
corresponding to an increased intrinsic electron doping
An, ~ 1.7 x 10" cm™2.

Thermal measurements were performed for each QH
state in which the chirality and current redistribution
criteria are enforced: v ={1/3,1,2,8/3,3} for CDlI,
and v = {1,2,8/3,3} for CD2. We use auto- and cross-
correlations of the two noise lines to extract AT, from
spurious noise contributions [26,33]. Figure 3 shows AT,
measured as a function of the dc current /4. All filling
factors display the same qualitative behavior, in agreement
with Eq. (1), where AT, increases linearly beyond a
thermal rounding at low /.. Following Eq. (1), the slope
only depends on 1/+/N x v. The data show similar slopes
for both cooldowns, except v = 8/3, with a markedly
higher slope at CD2. This observation, discussed in detail
below, is the main result of our work. Note that for this last
dataset, we kept /. small, as both autocorrelations became
different above |I4.| ~ 1 nA [26].

We compared our data to Eq. (1), assuming negligible
electron-phonon cooling in the island. This is reasonable
given its small volume and the very low temperatures [26];
previous experiments in graphene [13,23,25], with similar
dimensions, also reported negligible electron-phonon
cooling. Equation (1) appears as black lines in Fig. 3.
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FIG. 3. AT, versus Iy, for cooldown 1 (a) and 2 (b). Symbols:
experimental data (orange Q: v = 1/3; blue o: v =1; red o:
v = 2; black OO: v = 8/3; dark yellow o: v = 3). Black lines: fits
(see text). Data and fits corresponding to each v are vertically
shifted by increments of 10 mK for clarity.

The number of ballistic heat carrying modes N is fixed to its
expected value (N = v for integer QH states, see below for
v = 8/3), yielding an excellent agreement with the slope of
the data. The thermal rounding is reproduced by adjusting
the base electron temperature 7'y for each v. These extracted
Ty match with the equilibrium Johnson-Nyquist noise
measured at /4. = 0 [26]. For CD1, Ty~ 12 mK (for a
fridge base temperature of 8.7 mK), with the notable
exception of v =1/3, where T,~42 mK. For CD2,
Ty~ 15 mK, except at v =1, where T =20 mK. We
attribute those variations, particularly the increase at lower
v, to mechanical vibrations [34]. Additional analysis (e.g.,
heat Coulomb blockade effects [35]), described in [26],
yields a reasonable uncertainty on the extracted 7 of
about +3 mK, translating into a typical uncertainty on N of
about +0.1.

The relation between the slopes in AT.(14.) and quan-
tized heat transport appears clearly when replotting the data
in terms of the total heat flow leaving the island J,,o =
13./(4vGy) as a function of (72 — T3). This is shown in
Fig. 4, with T, extracted from the above procedure, such
that the data (J,, is plotted in units of 0.5x,) naturally fall
onto lines with integer slope 2N. The representation of
Fig. 4 shows heat transport properties of each filling factor
regardless of charge transport. As a striking example, the
data at v = 1/3 and v = 1 fall onto the same N = 1 line,
demonstrating that a fractional and an integer ECs carry the
same universally quantized heat flow 7%k%/6h(T2 — T3)
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FIG. 4. Heat flow J,,, in units of ko/2 versus 7% — T3, for
cooldown 1 (a) and 2 (b). Symbols: experimental data corre-
sponding to the one in Fig. 3 (orange OQ: v = 1/3;blue o: v = 1;
red o: v = 2; black (O: v = 8/3; dark yellow o: v = 3). Lines:
theoretical predictions for the quantized heat flow carried by 2N
ballistic channels, with N = 1 (light blue), N = 2 (pink), N =3
(light green), and N = 4 (lavender).

[31,32], previously reported in GaAs [11] and graphene
[23,25]. Figure 4 emphasizes the remarkable difference
between both cooldowns for v = 8/3. On the one hand, in
CD1 we observe a quantized heat flow with N =4
channels, corresponding to nonequilibrated ballistic heat
transport through all downstream charged modes and the
upstream neutral mode. This is consistent with recent
results in bilayer graphene [13]. On the other hand, for
CD2, v = 8/3 falls on top of v =2, corresponding to a
quantized heat flow with N = 2 channels. This unambig-
uously signals a strong heat equilibration at v = 8/3,
corresponding to the upstream neutral mode fully equili-
brating with both integer and fractional downstream
charged modes.

The increase of disorder and doping revealed in Fig. 2
thus leads to a large change in the thermal conductance of
v = 8/3 between the two cooldowns. This strongly sug-
gests that heat equilibration in CD2 is exponential, con-
firming the fact that the integer ECs have to be considered
in this equilibration process. Microscopically, the increase
electron doping, likely stemming from charged impurities
adsorbed at the surface of the sample while it was exposed
to ambient air during thermal cycling, can favor efficient
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equilibration. Indeed, these impurities locally increase the
electron density in the vicinity of the edge, resulting in a
sharper edge confinement potential which increases the
coupling between the more closely packed ECs. Not only
can the increased coupling drive the heat equilibration in an
exponential regime, but it can also drastically affect the
characteristic length [23], further favoring equilibration.
Even though spatially separated [17], the fractional and
integer channels can thus be strongly coupled; interestingly,
this can be related to recent observations of charge
tunneling between integer channels at v = 3 in graphene
[36,37].

Finally, the small, nonzero o,, measured in CD2 raises
the question whether our observations stem from bulk heat
transport. It is unlikely, as this would effectively increase N
rather than diminish it [26].

In conclusion, we have observed the two opposite
regimes of heat equilibration on the edge in the fractional
QH regime, suggesting that exponential heat equilibration
can occur at v = 8/3. Our result demonstrates the crucial
importance of considering all downstream modes in the
heat equilibration, particularly the integer ECs copropagat-
ing along the fractional edge modes. This is likely to impact
experiments realizing new quantum circuits based on the
nontrivial statistics of fractional QH states at v > 1.
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